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Abstract
Stress is a contributing factor in the etiology of several mood and anxiety disorders, and animal
models of social defeat have been used to investigate the biological basis of stress-related
psychopathologies. Syrian hamsters are highly aggressive and territorial, but after social defeat
they exhibit a conditioned defeat (CD) response which is characterized by increased submissive
behavior and a failure to defend their home territory against a smaller, non-aggressive intruder.
We have previously shown that dominant male hamsters show increased c-Fos expression in the
infralimbic (IL) subdivision of the ventromedial prefrontal cortex (vmPFC) following social defeat
and display a reduced CD response at testing compared to subordinates and controls.
Pharmacological inactivation of the vmPFC prevents resistance to CD in dominants, suggesting
that neural activity in the vmPFC is necessary for CD resistance. In this dissertation, we tested the
overarching hypothesis that dominant hamsters have a distinct pattern of neuronal activity and
neurochemical responses within the vmPFC that facilitate resistance to CD. Specifically, we
predicted that dominant hamsters will display a distinct neurochemical profile in the vmPFC and
activate an IL neural projection to the basolateral amygdala (BLA) during social defeat.
Furthermore, we predicted that selective activation of an IL-to-BLA neural projection during social
defeat is sufficient for resistance to CD. Using a technique called untargeted metabolomics, we
found that a distinct neurochemical profile in the vmPFC is associated with stress resilience.
Specifically, dominant hamsters had elevated levels of tyrosine and methionine in the vmPFC
following social defeat. Next, we co-localized a retrograde tracer, cholera toxin B, and c-Fos and
identified neural projections from both the IL and prelimbic (PL) subdivisions of the vmPFC to
the BLA that are activated by dominants during social defeat. Finally, we show that selective
activation of an IL-to-BLA neural projection using Designer Receptors Exclusively Activated by
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Designer Drugs (DREADDs) is sufficient to promote resistance to CD in subordinate and social
status control hamsters. This project extends our understanding of the neurochemical profiles and
neural circuits underlying stress resilience, which is an important step towards delineating a
circuit-based approach for the prevention and treatment of stress-related psychopathology.
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Chapter 1
General Introduction

1

Stress is a major contributing factor in the etiology of several mood and anxiety disorders,
such as depression (Heim, Newport, Mletzko, Miller, & Nemeroff, 2008), post-traumatic stress
disorder (PTSD) (Meewisse, Reitsma, De Vries, Gersons, & Olff, 2007), and panic disorder
(Abelson, Khan, Liberzon, & Young, 2007). Moreover, stressful experiences that increase the risk
of depression and anxiety disorders are often psychosocial (Björkqvist, 2001). Aggression is a
particularly salient form of trauma, and people exposed to interpersonal violence are at a greater
risk for developing PTSD than those exposed to non-personal trauma (Charuvastra & Cloitre,
2008; Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995). However, many individuals who
experience stressful events do not develop a stress-related psychopathology. Resilience refers to
the ability to maintain normal levels of psychological, biological, and social functioning following
a trauma or stressful event. Rather than being the absence of a pathological response to a stressor,
resilience is an active and adaptive process (Charney, 2004; Russo, Murrough, Han, Charney, &
Nestler, 2012). Resilience to the negative effects of aversive and traumatic events also varies
within the human population. Consequently, some individuals cope better with stressors than
others. PTSD is one example of how symptoms such as hyper-vigilance, helplessness, avoidance,
and increased arousal may develop in some, but not all, people who experience trauma.
Social Defeat Stress
Rodent models of social defeat stress have strong face, construct, and predictive validity
for stress-related psychopathologies (Huhman, 2006; Nestler & Hyman, 2010). As such, these
models have increasingly been used to study the biological basis of disorders such as depression
and PTSD. Different names have been given to social defeat stress, including “social stress,”
“psychosocial stress,” and “social conflict.” However, in general, these terms refer to a residentintruder paradigm in which a rodent (the intruder) is placed into the home cage of a same-sex
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aggressor (the resident). The animals then fight for a set period of time, almost inevitably resulting
in the resident aggressor beating the intruder. Often, in this model, the winner is referred to as the
dominant, while the defeated individual is referred to as the subordinate.
Models of social defeat stress have been used in a variety of species including rats (Rattus
norvegicus) (Haller, Fuchs, Halász, & Makara, 1999), C57BL/6 mice (Mus musculus) (Golden,
Covington, Berton, & Russo, 2011; Meduri, Farnbauch, & Jasnow, 2013), California mice
(Peromyscus californicus) (Trainor et al., 2011), Syrian hamsters (Mesocricetus auratus)
(Huhman et al., 2003), rainbow trout (Oncorhynchus mykiss) (Larson et al., 2004), and fruit fly
(Drosophila melanogaster) (Penn, Zito, & Kravitz, 2010). Defeated individuals show various
behavioral and physiological changes, such as increased adrenal weight (Haller et al., 1999),
changes in body weight (Krishnan et al., 2007), depression-like behavior (Krishnan et al., 2007),
and increased social avoidance (Berton et al., 2006; Potegal, Huhman, Moore, & Meyerhoff,
1993). Social defeat also results in robust activation of the hypothalamic-pituitary-adrenal (HPA)
axis (Dulka et al., 2018; Huhman, Bunnell, Mougey, & Meyerhoff, 1990). Importantly, models of
social defeat can be used to investigate individual differences in responses to social defeat, and
understanding these individual differences is an important first step towards delineating the
biological basis of stress vulnerability and resilience. In the human literature, resilience refers to a
dynamic process encompassing positive adaptation within the context of significant adversity,
although there is considerable debate regarding what constitutes an adaptive response and how
long it should persist (Luthar, Cicchetti, & Becker, 2000; Luthar, Sawyer, & Brown, 2006).
Futhermore, resilience is also associated with a rapid recovery from stressful events (Southwick
and Charney, 2012) Stress resistance, on the other hand, is associated with protective factors that
reduce the effects of a given stressor (Feder, Nestler, and Charney, 2009; Rutter, 1985). In animal
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models, however, it is often unknown whether behavioral and physiological responses are adaptive
and whether they represent long-term stress recovery. Although resilience and resistance are often
used interchangeably, these constructs can be conceptualized differently and it is important to keep
these distinctions in mind (Miller, Seals, & Hamilton, 2017). For the purposes of this dissertation,
we will use the term ‘resistance’ when referring to animal models of stress and the term ‘resilience’
when putting basic research into a broader, more translational context.
One model that can be used to investigate individual differences in responses to social
stress is the chronic social defeat model in mice. In this model, C57BL/6 mice are exposed to
social defeat with an outbred CD-1 mouse for 5-10 min followed by 24 h of sensory contact via a
perforated barrier. The C57BL/6 mice experience social defeat for 10 consecutive days and rotate
to a new aggressor’s cage each day. Twenty-four hrs after the final day of defeat, mice are typically
placed into a social interaction test. Each social interaction test is composed of two phases, one
phase with and one phase without a novel social target (typically an unfamiliar CD-1 mouse)
present in a designated interaction zone. Using a social interaction ratio of time spent in the
interaction zone when the target is present compared to the time spent in the interaction zone when
the social target is absent, defeated mice are segregated into two populations: susceptible or
resilient (i.e. unsusceptible). Susceptible mice spend more time investigating the empty target
compared to the social target, whereas resilient mice spend more time investigating the social
target than empty target, which is similar to non-defeated controls (Golden et al., 2011). These
mice are not only distinguished by their behavior in a social interaction test but also by other
behavioral measures. For instance, mice that are susceptible to chronic social defeat exhibit
decreased sucrose preference (anhedonia), increased cocaine-conditioned place preference,
circadian abnormalities, and weight loss, whereas resistant mice do not (Krishnan et al., 2007).
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However, this is not to say that resistant mice are completely devoid of any negative affect
following chronic social defeat. For instance, both resistant and susceptible mice display anxietylike behavior in an elevated plus maze and stress-induced elevation of corticosterone (Krishnan et
al., 2007).
Acute social defeat models, on the other hand, have the benefit of allowing researchers to
target the neural mechanisms that control the acquisition, consolidation, and expression of stressinduced changes in behavior. Furthermore, animal models of acute social defeat have been
proposed as ethologically relevant models of trauma-related depression and PTSD (Deslauriers,
Toth, Der-Avakian, & Risbrough, 2017; Hammack, Cooper, & Lezak, 2012). One example of
particularly striking behavioral changes that result from acute social defeat is observed in Syrian
hamsters. Male Syrian hamsters are highly aggressive and territorial, but after an acute defeat
experience, they no longer defend their home territory in a subsequent social interaction test, even
when confronted with a smaller, non-aggressive intruder. Instead, a defeated hamster will show
defensive postures and display submissive behaviors such as flees and tail raises. This defeatinduced change in agonistic behavior is called conditioned defeat (CD) (Potegal, Huhman, Moore,
& Meyerhoff, 1993). The CD response in hamsters is analogous to defeat-induced social avoidance
described in mice. Social defeat in hamsters also leads to a hormonal stress response that is
characterized by elevated plasma adrenocorticotropic hormone (ACTH), β-endorphin, and cortisol
(Huhman et al., 1990; Huhman, Moore, Ferris, Mougey, & Meyerhoff, 1991). Additionally, the
CD response has been shown to persist for at least 33 days following the social defeat experience
(Huhman et al., 2003).
Syrian hamster aggression is highly ritualistic, and there is minimal wounding that occurs
during their agonistic encounters. Furthermore, agonistic behavior in Syrian hamsters is also well
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characterized and easily quantified (Wommack & Delville, 2007). The CD model also allows for
investigation into the biological basis of individual differences in the CD response. For instance,
we have previously shown that male hamsters that have maintained social dominance display less
submissive and defensive behavior following acute social defeat stress compared to subordinates
and controls (Morrison, Swallows, & Cooper, 2011). Thus, CD in Syrian hamsters provides
researchers with a robust model of social stress that can be used to model individual differences in
the biological basis of stress-induced behavior.
Experience-Dependent Stress Resilience
There are many factors that can predispose an individual to stress susceptibility, including,
but not limited to, maternal deprivation in rats (Wigger & Neumann, 1999), social defeat during
early puberty in hamsters (Rosenhauer, McCann, Norvelle, & Huhman, 2017), impoverished
rearing conditions in both rats (Larsson, Winblad, & Mohammed, 2002) and pigs (Sus domesticus)
(De Jonge, Bokkers, Schouten, & Helmond, 1996), and social subordination in rhesus monkeys
(Macaca mulatta) (Michopoulos, Higgins, Toufexis, & Wilson, 2012). However, certain types of
experience can protect against the effects of stress and confer a degree of resilience, including:
environmental enrichment, exercise, stressor controllability, early life stress inoculation, and social
dominance.
Environmental Enrichment
During the 1970s, there was a shift towards modifying housing conditions in an attempt to
promote naturalistic behavior and mitigate behavioral problems in zoos, which gradually occurred
within laboratory settings as well (Olsson & Dahlborn, 2002). In an experimental setting, an
enriched environment is defined as “enriched” in comparison to standard laboratory housing
conditions. Generally, enriched environments are larger, more complex, and vary over time.
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Tunnels, nesting materials, and toys are typically changed frequently, and the environment is also
more complex socially (Van Praag, Kempermann, & Gage, 2000). Around this same time, there
began considerable interest in the neuroanatomical, neurochemical, and behavioral consequences
of environmental enrichment. In fact, environmental enrichment has been shown to enhance
learning and memory in the Morris water maze and increase expression of brain-derived
neurotrophic factor (BDNF) in the hippocampus (Falkenberg et al., 1992). An enriched
environment also protects against kainite-induced seizures and excitotoxic injury, as well as
promotes expression of hippocampal glial-derived neurotrophic factor (GDNF) and BDNF
(Young, Lawlor, Leone, Dragunow, & During, 1999). In addition, environmental enrichment has
been shown to enhance performance in spatial tasks such as the radial arm maze and Morris water
maze, as well as increase the density of dendritic spines in the parietal cortex (Leggio et al., 2005).
Taken together, these studies suggest that environmental enrichment promotes structural plasticity
in brain regions that support learning and memory processes.
Additionally, environmental enrichment also attenuates stress-related behaviors. For
instance, research has shown that environmental enrichment during the peripubertal period
reverses the effects of maternal separation on restraint-induced corticosterone levels, open-field
exploration, and novelty-induced suppression of appetitive behavior (Francis, Diorio, Plotsky, &
Meaney, 2002). Animals reared in an enriched environment also show decreased anxiety-like
behavior in an elevated plus maze and attenuated corticosterone responses following a foot-shock
stressor (Benaroya‐Milshtein et al., 2004). Furthermore, enrichment aids in the recovery from
chronic social defeat-induced social avoidance, as well as submissive and depressive-like
behaviors, which are dependent on adult neurogenesis in the dentate gyrus region of the
hippocampus (Schloesser, Lehmann, Martinowich, Manji, & Herkenham, 2010). More recently,
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environmental enrichment was shown to reduce anxiety-like behavior in an elevated zero maze,
light-dark box, and novel object exploration task, and depressive-like behavior in a tail suspension
test and forced swim test, and thus confers resistance to chronic social defeat stress (Lehmann &
Herkenham, 2011). Importantly, the protective effects of environmental enrichment are dependent
on activity within the infralimbic (IL) subdivision of the ventromedial prefrontal cortex (vmPFC)
(Lehmann & Herkenham, 2011).
Exercise
Voluntary exercise is another intervention that can promote healthy brain function and
reduce the negative consequences of stress. To study the underlying neurobiological mechanisms
controlling this form of experience-dependent stress resistance, animals are typically given free
access to a running wheel, on which they can voluntarily exercise. For instance, voluntary wheelrunning for 6 weeks before foot-shock stress can attenuate the stress-induced suppression of
natural killer cell cytotoxicity (Dishman et al., 1995). Another study demonstrates that freewheel
running prevents the suppression of immune responses induced by tail-shock stress (Moraska &
Fleshner, 2001).
It is also well-established that exercise or physical activity increases BDNF gene and
protein expression in the hippocampus (Berchtold, Kesslak, Pike, Adlard, & Cotman, 2001;
Farmer et al., 2004; Russo-Neustadt, Alejandre, Garcia, Ivy, & Chen, 2004). As such, research has
also demonstrated that exercise counteracts the reduction in hippocampal BDNF protein
expression induced by acute immobilization stress (Adlard & Cotman, 2004). Yet another study
shows that when wheel-running occurs for 6 weeks prior to fear conditioning, exercise improves
contextual fear memory retention, context discrimination, and increases BDNF messenger
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ribonucleic acid (mRNA) in the dentate gyrus and CA1 regions of the hippocampus and the
basolateral amygdala (BLA) (Greenwood, Strong, Foley, & Fleshner, 2009).
Learned helplessness refers to the behavioral consequences of exposure to stressful events
over which the organism has no control (Maier & Seligman, 1976), and much work has been done
in the realm of voluntary exercise and learned helplessness. For instance, freewheel running
prevents learned helplessness, as indicated by behavior in shuttle-box task (Dishman et al., 1997).
Serotonin (5-HT) neurons in the dorsal raphe nucleus (DRN) have also been shown to play a role
in the protective effects of exercise, as freewheel running attenuates DRN 5-HT activity during
uncontrollable stress and thereby prevents the development of learned helplessness (Greenwood
et al., 2003). Importantly, the stress-buffering effects of exercise are dependent on the duration of
previous wheel-running, as 6 weeks of wheel running increases the expression of 5-HT 1A
autoreceptor mRNA in the DRN and prevents the development of learned helplessness, but 3
weeks of wheel running does not (Greenwood, Foley, Burhans, Maier, & Fleshner, 2005).
However, vmPFC activity is not among the mechanisms controlling the effects of exercise on
learned helplessness (Greenwood et al., 2013). In sum, voluntary exercise represents an
experience-dependent form of stress resistance that relies on several neurobiological mechanisms,
such as increasing BDNF in limbic areas and preventing stress-induced 5-HT activity in the DRN.
Stressor Controllability
While learned helplessness refers to the array of behavioral phenomena that follow after
exposure to an uncontrollable stressor, the experience of controllability can have a protective effect
against the consequences of uncontrollable stress (Weiss, 1968). Rats exposed to escapable shock
(ES) in which the animal can escape an electric tailshock by turning a wheel do not display learned
helplessness or potentiated fear conditioning. Also, previous experience with ES prevents the
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effects of inescapable shock (IS) on social exploration of a juvenile rat in a social interaction test
but not on sucrose preference (Christianson et al., 2008). Interestingly, experience with ES blocks
social defeat induced neural activation of the DRN and prevents defeat-induced deficits in social
investigation (Amat, Aleksejev, Paul, Watkins, & Maier, 2010).
Furthermore, these effects of ES are mediated by 5-HT signaling within the DRN (Maier,
Grahn, & Watkins, 1995). In fact, uncontrollable stress activates DRN 5-HT neurons to a greater
degree than equal amounts of controllable stress does (Grahn et al., 1999). It is likely that the
vmPFC detects controllability and signals that information to the DRN via glutamatergic
projections that activate γ‐aminobutyric acid (GABA) interneurons which in turn inhibit 5-HT
neurons (Jankowski & Sesack, 2004). Indeed the vmPFC has been shown to mediate the
experience of control, as pharmacological blockade of the vmPFC with muscimol, as well as
inhibition of protein synthesis with anisomycin, blocks the immunizing effect of ES (Amat, Paul,
Zarza, Watkins, & Maier, 2006). Importantly, together these studies suggest that is it not the
experience of control per se that is critical, but rather whether or not the vmPFC is active during
the initial experience of adversity (Maier, Amat, Baratta, Paul, & Watkins, 2006).
Stress Inoculation
Although early exposure to traumatic forms of stress is, without a doubt, a risk factor for
the development of subsequent psychopathologies (Davidson, Stein, Shalev, & Yehuda, 2004;
Christine Heim, Plotsky, & Nemeroff, 2004), there are indications that some mild, early life
stressors may actually facilitate stress resilience. For instance, adults cope better with the loss of a
spouse, illness, and major accidents if they have previously coped with stressors in childhood
(Forest, 1991; Khoshaba & Maddi, 1999). Thus, it has been hypothesized that brief, challenging
situations elicit emotional responses, cognitive processes, and coping strategies that are more

10

likely to be used again later in life when presented with similar challenges (Rutter, 1993; Yates,
Egeland, & Sroufe, 2003). In concordance with these ideas is the match/mismatch hypothesis of
psychiatric disorders. This hypothesis postulates that the early life environment shapes coping
strategies in a way that enables an individual to optimally face similar environmental challenges
later in life (Ricon, Toth, Leshem, Braun, & Richter-Levin, 2012; Santarelli et al., 2014; Santarelli
et al., 2017; Schmidt, 2011). One important distinction to keep in mind is that, in order to promote
coping, these stressors need to be brief and mild in nature, because stress that becomes chronic or
severe typically has deleterious consequences. A compelling example of how mild early life stress
can increase resistance to adversity later in life is observed in a stress inoculation model of squirrel
monkeys (Saimiri sciureus) (Lyons & Parker, 2007).
In squirrel monkeys, exposure to brief intermittent maternal separation episodes early in
life (i.e. stress inoculation) leads to decreased anxiety, increased novel object exploration, and
diminished stress-induced cortisol levels (Parker, Buckmaster, Schatzberg, & Lyons, 2004; Parker,
Buckmaster, Sundlass, Schatzberg, & Lyons, 2006). Furthermore, these stress inoculated monkeys
exhibit more flexible goal-directed behaviors and fewer response inhibition errors during a
cognitive test to assay for prefrontal cortex involvement (Parker, Buckmaster, Justus, Schatzberg,
& Lyons, 2005). Monkeys exposed to intermittent maternal separations also have larger vmPFC
volumes and increased myelination compared to non-exposed controls (Katz et al., 2009). Further
research demonstrates that stress inoculation effects are not restricted to sensitive or critical periods
during development, but rather stress inoculation in adult female monkeys also protects against
depressive-like behaviors, reduces stress-induced glucocorticoid levels, and increases
glucocorticoid gene expression in the anterior cingulate cortex (Lee, Buckmaster, Yi, Schatzberg,
& Lyons, 2014). On a similar note, stress inoculation in adult male monkeys increases
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hippocampal neurogenesis and alters the expression of genes involved in cellular proliferation and
survival (Lyons et al., 2010).
Interestingly, the effects of stress inoculation are not limited to squirrel monkeys. In fact,
additional research demonstrates that mild stress also inoculates C57BL/6 mice against future
stress. To illustrate, every other day for 21 days C57BL/6 mice were exposed across a mesh-screen
barrier to a Swiss Webster male mouse breeder; this procedure allowed for a mildly stressful noncontact interaction but prevented any wounding or fighting. Later, experimental mice were
exposed to repeated restraint stress, blood samples were collected, and behavioral testing (tailsuspension, open field, and novel-object exploration) occurred. Stress-inoculated mice displayed
less plasma corticosterone and decreased anxiety-like behaviors in the tail-suspension, open field,
and novel-object exploration tests (Brockhurst, Cheleuitte-Nieves, Buckmaster, Schatzberg, &
Lyons, 2015). More recently, a comparative study of primates and C57BL/6 mice on stress coping
effects on gene expression indicated that the CACNG2 gene, which encodes stargazin protein, was
increased by stress inoculation in the anterior cingulate cortex of both monkeys and mice (Lee et
al., 2016). Stargazin is known to modulate glutamate receptor signaling and plays a role in synaptic
plasticity

through

α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate

(AMPA)

receptor

trafficking (Chen et al., 2000). Therefore, taken together, these studies indicate that the experience
of coping with a mild stressor results in reduced anxiety-like behavior in response to future
stressors and mediates plasticity in brain regions associated with coping behavior.
Social Dominance
The dominance status of an individual has also been shown to modulate coping and stressrelated behavior. In green anole lizards (Anolis carolinensis) stable dominance relationships are
accompanied by specific neural, endocrine, and behavioral patterns that depend on an individual’s
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social dominance rank (Korzan, Forster, Watt, & Summers, 2006; Summers et al., 2003; Summers,
Larson, Summers, Renner, & Greenberg, 1998). For example, morphological changes can appear
as a result of winning aggressive encounters, as dominant anoles exhibit postorbital eyespot
darkening after winning (Summers & Greenberg, 1994). Interestingly, these morphological
changes are stress-sensitive and dominant anoles show resistance to stress-induced changes in
body color and eyespot formation compared to subordinates (Plavicki, Yang, & Wilczynski, 2004).
Furthermore, during agonistic encounters dominant anole lizards adopt a more proactive coping
phenotype compared to subordinates, which tend to display a reactive coping phenotype (Korzan,
Øverli, & Summers, 2006; Korzan & Summers, 2007). Similarly, in rainbow trout, a proactive
rather than reactive stress coping style predicts aggression, behavior in a stressful novel
environment, and dominance status (Øverli et al., 2004). Koolhaas et al. (1999) reviewed the
evidence supporting the existence of these two opposing stress coping styles (proactive and
reactive). In rodents, the proactive coping style is characterized by high levels of active avoidance,
aggression, defensive burying, and nest building, whereas the reactive phenotype involves
conditioned immobility, low levels of aggression, and higher behavioral flexibility.
Physiologically, the proactive coping style is associated with lower HPA axis activity, but higher
sympathetic reactivity, while the opposite holds true for the reactive phenotype.
In the rat visual burrow system (VBS), rats are housed in a semi-naturalistic, mixed sex
group for several weeks, during which dominance relationships rapidly form (Blanchard et al.,
1995). In this VBS model, chronic social subordination results in a shift toward a reactive coping
style and is characterized by more passive and immobile forms of defensive behavior (Blanchard,
Yudko, Dulloog, & Blanchard, 2001), and the lowest ranking subordinates are hypo-responsive to
a restraint challenge (Melhorn, Elfers, Scott, & Sakai, 2017). Dominant rats in the VBS, on the
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other hand, are more natural risk takers, display an increased motivational state for food, and spend
more time on the open arms of an elevated plus maze, indicating a less anxious state (Davis,
Krause, Melhorn, Sakai, & Benoit, 2009). More recently, work with the VBS has revealed that
stress coping style does not predict dominance social status; but rather, pre-existing stress coping
styles influence the consequences of having a subordinate social status. Subordinate rats with a
proactive phenotype have larger adrenals and elevated corticosterone levels in response to a novel
restraint stressor compared to those subordinate rats with a passive coping style or dominant rats,
although proactive and reactive subordinates showed equal amounts of anxiety-like behavior in an
elevated plus maze (Boersma et al., 2017).
The effects of social dominance on HPA axis activity can be readily observed in nonhuman
primate species as well. For instance, dominant squirrel monkeys display a smaller cortisol
response after a restraint stress challenge compared to subordinates (Coe, Mendoza, & Levine,
1979). Further, in long-tailed macaques (Macaca fascicularis), social subordination in females is
associated with hypercortisolism and adrenal hypersensitivity to ACTH, which suggests that
subordinates are exposed to excess glucocorticoids. Also, these subordinate females are
reproductively suppressed, receive more aggression, engage in less affiliative behavior, and spend
more time alone compared to dominants (Shively, Laber-Laird, & Anton, 1997). Disrupted
glucocorticoid negative feedback is also observed in subordinate rhesus macaque females
(Michopoulos, Reding, Wilson, & Toufexis, 2012). Interestingly, social subordination alters
GABAA receptors in the prefrontal cortex, while corticotropin releasing hormone (CRH)
antagonism reverses status differences in GABA A receptor binding, again implicating the HPA
axis (Michopoulos et al., 2013). Hypercortisolism is also observed among subordinates in a
population of wild olive baboons (Papio anubis) (Sapolsky, Alberts, & Altmann, 1997). However,
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baseline cortisol levels are not associated with social dominance in male rhesus macaques
(Bercovitch & Clarke, 1995), golden lion tamarins (Leontopithecus rosalia) (Bales, French,
McWilliams, Lake, & Dietz, 2006), or cottontop tamarins (Saguinus oedipus) ( (Ginther, Ziegler,
& Snowdon, 2001). In one meta-analysis, the neuroendocrine effects of social stress were found
to be extremely variable in primate groups and dependent on the amount of aggression received
and opportunities for coping (Abbott et al., 2003). Additionally, in long-tailed macaques, dominant
animals have increased dopamine type-2 receptor availability in the basal ganglia and reduced
vulnerability to cocaine abuse compared to subordinates (Morgan et al., 2002). In short, social
dominance in non-human primates has a protective effect against the neuroendocrine effects of
stress as well as vulnerability to addiction. However, the ability of social dominance to reduce the
effects of stress is not limited to animals. For instance, in a longitudinal study of British civil
servants, those with a lower social class had striking health differences compared to those with a
higher social ranking, particularly in regards to cardiovascular health (Marmot et al., 1991).
Similarly, leadership in the workplace has also been associated with lower levels of cortisol and
lower self-reported anxiety (Sherman et al., 2012). These findings are consistent with research on
olive baboons that demonstrated a linear relationship between social status and cortisol levels, such
that the higher the rank, the lower the cortisol levels (Gesquiere et al., 2011).
In our own laboratory, we have shown that dominant hamsters exhibit less submissive and
defensive behavior at CD testing compared to subordinates and controls. In other words, dominant
hamsters show a reduced CD response (Morrison et al., 2011). Importantly, dominant hamsters
acquire resistance to CD during the long-term maintenance of their social status, because hamsters
that win encounters for 14 days show CD resistance, but hamsters that win encounters for one or
seven days do not (Morrison et al., 2014). Furthermore, in dominant hamsters, there is greater
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defeat-induced neural activity, as measured by protein product of the immediate early gene c-Fos,
in brain regions such as the vmPFC, particularly in the IL subdivision (Morrison, Curry, & Cooper,
2012). Interestingly, dominants must maintain their social status for 14 days to shown elevated cFos expression in the IL following defeat, and not one or seven days (Morrison et al., 2014).
Moreover, pharmacological inactivation of the vmPFC with muscimol reinstates the CD response
in dominant hamsters, which indicates that vmPFC activation is necessary for CD resistance
(Morrison, Bader, McLaughlin, & Cooper, 2013). Together, these findings indicate that
differential CD responses of dominant and subordinate hamsters are experience-dependent
because the behavioral and physiological consequences of social dominance change during the
maintenance of a dominance relationship. Additionally, these studies point towards a critical role
for the vmPFC in resistance to CD, however the neurochemistry in this structure and the neural
circuits in which the vmPFC act to modulate the CD response are less well understood.
The Basolateral Amygdala
Anatomy
The amygdala is a complex structure, located in the medial temporal lobe, which is
structurally diverse and can be broken down into roughly 13 nuclei that, in turn, can be further
divided into numerous subdivisions. These nuclei and subnuclei are classically distinguished on
the basis of their cytoarchitectures, histochemistry, and internuclear and intranuclear connections
(Krettek & Price, 1978). The BLA is of particular interest because of its long-standing role in
emotional processing (LeDoux, 2003; Phelps & LeDoux, 2005). The BLA is composed of the
lateral nucleus (LA), the basal nucleus, and the accessory basal nucleus. Collectively, these three
nuclei are referred to as the basolateral complex or BLA. This region is bordered laterally by the
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external capsule, separating it from the endopiriform cortex, and medially by the central nucleus
of the amygdala (CeA) (Sah, Faber, Lopez de Armentia, & Power, 2003).
Using Golgi staining and analysis in the cat (Felis catus) amygdala, Hall (1972)
demonstrated that the BLA exhibits two major classes of cells: spiny pyramidal-like neurons and
spine-sparse stellate neurons, which, she noted, closely resemble the pyramidal and nonpyramidal
neurons of the cerebral cortex, respectively. The spine-sparse stellate neurons would later be
defined as the GABAergic interneurons within the BLA (McDonald, 1985). These two major cells
types have been confirmed in the BLA of all species investigated, including the rat, cat, monkey,
and human (McDonald, 1992). Additionally, another class of intermediate, GABAergic multipolar
neurons were also later described in rats (Rainnie, Asprodini, & Shinnick-Gallagher, 1993).
Many studies have also sought to describe the functional anatomy of the BLA. The BLA
is innervated by a variety of upstream targets, but most notably are the cortical and thalamic inputs.
These cortical and thalamic inputs supply information from sensory areas and structures linked to
memory systems, such as the hippocampus (Sah et al., 2003). In mammals, the most robust
projections to the amygdala from the cortex are from higher sensory association areas or limbic
association cortices (e.g. the prefrontal cortex) (Turner, Mishkin, & Knapp, 1980). For most
cortical areas, these cortico-amygdalar projections are predominantly ipsilateral, with little to no
contralateral projections (McDonald, 1998). Additionally, most cortico-amygdalar projections are
excitatory, glutamatergic pyramidal cells (Brinley-Reed, Mascagni, & McDonald, 1995).
Furthermore, many of these connections are reciprocal. In other words, the cortical areas that send
efferent connections to the amygdala also receive afferents from the same subnuclei (McDonald,
1998). In the BLA, these reciprocating projections to the cortex are also predominantly
glutamatergic (McDonald, 1996). In short, the BLA is connected, typically via reciprocal
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connections, to many important targets for higher order and emotional processing (Sah et al.,
2003).
Neurochemical Signaling
The defeat-induced changes in behavior that characterize the CD response in Syrian
hamsters require neurochemical signaling and activity within the BLA. For example,
pharmacological blockade of the NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor in
the BLA reduces the acquisition, but not expression, of CD (Day, Cooper, Markham, & Huhman,
2011). The overexpression of cAMP response element binding (CREB) protein in the BLA
enhances the acquisition of CD (Jasnow, Shi, Israel, Davis, & Huhman, 2005). Also, protein
synthesis inhibition in the BLA with anisomycin impairs the acquisition of CD (Markham &
Huhman, 2008). Importantly, the acquisition and expression of associative learning during
Pavlovian fear conditioning requires a similar set of neurochemical signals in the BLA (Fanselow
& Kim, 1994; Josselyn et al., 2001; Maren, Aharonov, Stote, & Fanselow, 1996; Rodrigues,
Schafe, & LeDoux, 2001). Taken together, these data indicate that NMDA receptor signaling and
CREB activity in the BLA are critical for the formation of both defeat-related and fear-related
memories.
BDNF is another key neurochemical regulating the acquisition of conditioned fear and
defeat-induced changes in behavior (Pizarro et al., 2004; Rattiner, Davis, French, & Ressler, 2004).
Cued-fear conditioning temporarily elevates BDNF mRNA in the BLA and viral vector-induced
knockdown of tyrosine kinase B (TrkB) receptors impairs the acquisition of fear memory (Rattiner
et al., 2004). Also, BDNF mRNA in the BLA is upregulated following the extinction of
conditioned fear, and disrupting TrkB signaling within the BLA prevents the consolidation of an
extinction memory (Chhatwal, Stanek-Rattiner, Davis, & Ressler, 2006). Moreover, knock-down
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of BDNF-TrkB signaling in the amygdala impairs the consolidation of both aversive and appetitive
learning (Heldt et al., 2014). Altogether these findings indicate that upregulation of BDNF mRNA
and BDNF-TrkB signaling is essential for the formation of amygdala-dependent memories.
Interestingly, one study found that a brief but intense acute social defeat experience in mice
decreases BDNF mRNA expression in both the BLA and hippocampus 24 hours after defeat
(Pizarro et al., 2004). In contrast, Taylor, Stanek, Ressler, & Huhman (2011) demonstrated that
BDNF mRNA levels in the BLA increase 2 hours following social defeat in Syrian hamsters, and
activation of TrkB receptors is required for the acquisition of a CD response. However, one reason
for this discrepancy may be the time points at which the samples were collected. Consistent with
Taylor and colleagues, in another study mature BDNF was significantly increased 2 hours
following acute social defeat, and proteolytic cleavage of proBDNF into its mature form within
the BLA was necessary for the consolidation of a defeat-related memory in mice (Dulka et al.,
2016).
The Ventromedial Prefrontal Cortex and Coping with Stress
The vmPFC, which includes the IL and prelimbic (PL) cortices, controls emotion
regulation, working memory, and executive function (Dalley, Cardinal, & Robbins, 2004;
Davidson, 2002; Wang et al., 2006). The vmPFC also has a well-established role in depression and
PTSD. For instance, deep brain stimulation (DBS) of the prefrontal cortex in subjects with
treatment-resistant depression reduces symptoms across multiple domains including mood,
anxiety, somatic, and sleep. Furthermore, DBS is associated with decrease in glucose metabolic
activity in the medial frontal cortex (Lozano et al., 2008; Mayberg et al., 2005). Reductions in
prefrontal gray matter volume in subjects with major depression are also observed (Frodl,
Reinhold, Koutsouleris, Reiser, & Meisenzahl, 2010). Further, the NMDA receptor subunits
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NR2A and NR2B, as well as postsynaptic density protein 95 (PSD-95) protein levels, are reduced
in the prefrontal cortex of depressed subjects (Feyissa, Chandran, Stockmeier, & Karolewicz,
2009). Neuroimaging studies have also revealed that the vmPFC is one area of hypoactivation in
subjects with PTSD relative to controls (Bremner et al., 1999; Bremner et al., 1999; Hayes, Hayes,
& Mikedis, 2012). Additionally, when the vmPFC is hypoactivated, greater amygdala activation
is observed in PTSD patients (Hayes et al., 2012; Rauch et al., 2000; Shin et al., 2004). Overall,
the vmPFC appears to regulate amygdala activity and promote resistance to stress-related mental
illness.
Further, PTSD is often conceptualized as a deficit in fear extinction (Milad et al., 2008;
Orr et al., 2000; Wessa & Flor, 2007). For instance, Milad et al. (2008) found, in a study of
monozygotic twins, that the ability to retain extinction of conditioned fear is deficient in PTSD
combat veterans. Similarly, Orr et al. (2000) found that PTSD participants continued to show
differential skin conductance responses to conditions when the conditioned stimulus (CS) was
present (CS+) compared to non-reinforced stimuli (CS-) during extinction trials. Studies on the
mechanisms of fear extinction in both humans and animal models have also consistently implicated
the vmPFC and its connection with the amygdala (Hefner et al., 2008; Linnman et al., 2012;
Phelps, Delgado, Nearing, & LeDoux, 2004). To illustrate, Linnman et al. (2012) found that during
extinction training, resting amygdala metabolism positively predicted activation in the vmPFC,
while in contrast, during extinction recall, resting amygdala metabolism negatively predicted
activation in the vmPFC. Consistent with this research, in mice, the degree of prefrontal cortex
control of amygdala activity predicted stress susceptibility in response to chronic social defeat
(Kumar et al., 2014). Overall, PTSD and stress susceptibility appear to be linked to extinction
deficits and vmPFC-amygdala connectivity.
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Importantly, the vmPFC also regulates many aspects of the stress response and promotes
coping with stress. For example, efferents from the vmPFC synapse in the bed nucleus of the stria
terminalis (BNST) which, in turn, inhibit neurons in the paraventricular nucleus of the
hypothalamus (PVN) and support extinction of the neuroendocrine stress response (Radley,
Gosselink, & Sawchenko, 2009; Radley & Sawchenko, 2011). Optogenetic excitation of the
anterior BNST during the tail suspension test diminishes central and hormonal measures of HPA
axis activation, while inhibition enhanced HPA axis activation. Furthermore, photoinhibition of
the anterior BSNT increases immobility during the tail suspension test, suggesting that the anterior
BNST modulates coping behavior (Johnson et al. 2016). Recent research has also demonstrated a
link between coping styles and resilience to PTSD. In a sample of trauma patients, resilience at
one month positively correlates with active coping behaviors and negatively correlates with
avoidant coping strategies, as well as future PTSD symptoms (Thompson, Fiorillo, Rothbaum,
Ressler, & Michopoulos, 2018).
Neural activity in the vmPFC has also been shown to play an important role in the
immunizing effect of ES on the development of learned helplessness. More specifically,
pharmacological inactivation of the vmPFC during ES blocks the immunizing effect (Amat, Paul,
Zarza, Watkins, & Maier, 2006), while activation of the vmPFC during IS promotes immunization,
even in the absence of controllability (Amat, Paul, Watkins, & Maier, 2008). When NMDA
receptors and the extracellular signal-regulated kinase cascade are blocked, specifically within the
PL, it prevents the immunizing effect of stressor controllability which suggests that activity within
the PL is necessary for this form of stress resilience (Christianson et al., 2014). Additionally, while
female rats don’t activate the vmPFC during ES, chemogenetic inhibition of a PL-to-DRN
projection prevents ketamine-induced resistance to learned helplessness in these females (Dolzani
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et al., 2018). The effects of controllability and the role of the vmPFC also extend into clinical
research. Specifically, snake phobics exhibit greater vmPFC activity during the anticipation of
snake videos when they have control over whether the videos were presented as compared to when
they have no control over the video presentation; additionally, the vmPFC displays stronger
functional connectivity to the amygdala during controllable snake trials compared to
uncontrollable snake trials (Kerr, McLaren, Mathy, & Nitschke, 2012).
Early life social experiences also require neural plasticity in the vmPFC and impact
responses to stress and drugs of abuse in adulthood. For instance, hamsters that are deprived of
social play during adolescence not only exhibit susceptibility to social defeat during adulthood,
but also display disruptions in dendritic pruning processes, as evident by increases in total length
and branch points of apical dendrites in both the IL and PL (Burleson et al., 2016). Similarly,
dendritic complexity in the vmPFC is also increased in rats that are play-deprived (Bell, Pellis, &
Kolb, 2010), and depriving rats of social play during the juvenile period results in socially
incompetent adults (Hol, Van den Berg, Van Ree, & Spruijt, 1999). Furthermore, juvenile social
play prunes dendrites in the vmPFC and primes the region to be more responsive to nicotine in
adulthood (Himmler, Pellis, & Kolb, 2013).
While environmental factors (such as social play) can induce structural plasticity in the
vmPFC and alter responses to later environmental challenges, artificial factors such as DBS can
similarly cause changes in brain and behavior. For instance, DBS of the vmPFC in mice reverses
social avoidance following chronic social defeat stress and induces neuroadaptation in 5-HT
neurons. More specifically, DBS restores bouton length and density in the dentate gyrus region of
the hippocampus and restores bouton length in the vmPFC, as well as increases the density of
PSD-95 puncta along DRN 5-HT dendrites (Veerakumar et al., 2014). DBS of the vmPFC in rats
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also reverses anhedonia in a sucrose preference test and partially increases hippocampal BDNF
levels following chronic unpredictable mild stress (Hamani et al., 2012).These data are important
because they suggest that experiences, such as play and DBS, have the potential to induce neural
plasticity in the vmPFC that appears to facilitate stress resistance.
One way to more fully characterize the neural activity of a neural substrate such as the
vmPFC is through metabolomics, the quantitative analysis of the metabolites present within an
organism, cell, or tissue. Metabolomics is a relatively new field, and recent studies have focused
on identifying metabolites in specific brain regions that are altered following stress. To illustrate,
learned helplessness in rats results in changes in amino acid metabolism, particularly glutamate,
cysteine, methionine, arginine, and proline metabolism, in the prefrontal cortex (Zhou et al., 2017).
In a lipopolysaccharide-induced mouse model of depression, disturbances in amino acids including
glutamate, GABA, glutamine, asparagine, and alanine in the prefrontal cortex were also noted (Wu
et al., 2016). Finally, following chronic social defeat stress in mice, susceptible mice display an
increase in the concentration of L-DOPA, the precursor of catecholamines such as dopamine and
norepinephrine. Susceptible mice also display an increase in the concentration of vanillylmandelic
acid, a major metabolite of norepinephrine, compared to resistant mice, while both resistant and
susceptible mice display a decrease in the relative concentration of glutamate compared to
controls, all within the prefrontal cortex (Wang et al., 2016). More recently, metabolomics has
even been used to identify metabolites in the frontal association cortex that distinguish states of
consciousness (Baer et al., 2017). In short, metabolomics analyses provide a powerful approach
for identifying and describing neurochemical profiles of distinct phenotypes and behavioral states,
and a more complete understanding of stress-induced metabolic changes may lead to the
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identification of novel neurochemical markers for the diagnosis and treatment of stress-related
mental illness.
Ventromedial Prefrontal Cortex Projections to the Basolateral Amygdala
The vmPFC sends robust ipsilateral projections to the BLA. More specifically, pyramidal
neurons in layers II and V of the IL and PL send glutamatergic projections to the BLA in the rat
(Gabbott, Warner, Jays, Salway, & Busby, 2005; Vertes, 2004). These glutamatergic projections
from the vmPFC inhibit the BLA via GABAergic interneurons (Ehrlich et al., 2009). It is also well
established that neural activity specifically within the IL is required for the formation of an
extinction memory (Milad & Quirk, 2002; Milad, Vidal-Gonzalez, & Quirk, 2004). At a more
projection specific level, an IL-to-BLA neural circuit has been hypothesized to promote the
extinction of conditioned fear via several mechanisms. For example, stimulation of IL neurons
activates local circuit interneurons within the BLA and suppresses conditioned fear responses
(Cho, Deisseroth, & Bolshakov, 2013; Rosenkranz, Moore, & Grace, 2003). Also, changes in the
synaptic efficacy of IL projections to the BLA control the extinction of conditioned fear (Cho et
al., 2013; Knapska et al., 2012). IL neurons also project to the GABAergic intercalated (ITC) cells
located on the border of the BLA and CeA and thus provide feed-forward inhibition onto output
neurons in the CeA (Amir, Amano, & Pare, 2011; Likhtik, Popa, Apergis-Schoute, Fidacaro, &
Pare, 2008; Pinard, Mascagni, & McDonald, 2012). Similarly, inactivation of the IL cortex has
been shown to reduce activity of ITC neurons and impair the extinction of conditioned fear
(Amano, Unal, & Pare, 2010). Finally, chemogenetic inhibition of an IL-to-BLA projection also
impairs extinction retrieval (Bloodgood, Sugam, Holmes, & Kash, 2018). In sum, efferent
projections from the IL cortex suppress BLA activity and regulate the extinction of fear-related
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memories, however, aside from fear extinction, little is known about the function of an IL-to-BLA
pathway.
A role for the vmPFC has indeed been demonstrated in the context of other stressors. For
instance, optogenetic stimulation of the mPFC reverses social avoidance induced by chronic social
defeat stress (Covington et al., 2010). However, the role of PL-to-BLA projections in stress-related
behavior are somewhat mixed. Following intra-PL cholecystokinin (CCK) administration,
optogenetic activation of a PL-to-BLA projection decreases anxiety in elevated plus maze without
altering avoidance behavior in a social interaction test (Vialou et al., 2014). Other studies suggest
that neural activity in a PL-to-BLA projection promotes fear expression. Specifically, BLAprojecting neurons within the PL were selectively activated during the renewal of fear (Orsini,
Kim, Knapska, & Maren, 2011). Activity within PL neurons that project to the LA may also
promote fear expression over retrieval of an extinction memory (Knapska et al., 2012). Overall,
activity in a PL-to-BLA pathway appears to reduce anxiety-like behavior, while also promote the
recall of learned fear.
Although it is important for basic neuroscience research to consider female subjects (see
Chapter 5) this dissertation is focused on males. We did not utilize female subjects because,
although female Syrian hamsters will socially defeat one another and readily form dominance
relationships, at present we do not know if female hamsters exhibit increased c-Fos expression
within the vmPFC or if the vmPFC is necessary for resistance to CD in female dominants. Without
these foundational experiments, it is impractical to include female hamsters in the experiments that
follow. Nevertheless, plans for including female hamsters in future studies are described in Chapter
5.
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Hypothesis: The overarching hypothesis for this project is that dominant male hamsters exhibit a
distinct pattern of neuronal activity and neurochemical responses within the vmPFC that facilitate
resistance to CD. This project has the overarching goal of identifying the neurochemical
metabolites and neural projections within the vmPFC that leads to resistance to CD in male Syrian
hamsters.
Specific Aim 1: Identify stress-induced neurochemical metabolites in the vmPFC that distinguish
dominant, subordinate, and control hamsters. (Chapter 2)
Specific Aim 2: Determine whether dominant hamsters show increased defeat-induced c-Fos
immunoreactivity in IL neurons that send axonal projections to the BLA compared to subordinates
and controls. (Chapter 3)
Specific Aim 3: Determine whether selective activation of an IL-to-BLA neural circuit promotes
resistance to CD in subordinate hamsters. (Chapter 4)
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Abstract
Acute social defeat represents a naturalistic form of conditioned fear and is an excellent model in
which to investigate the biological basis of stress resilience. While there is growing interest in
identifying biomarkers of stress resilience, until recently, it has not been feasible to associate levels
of large numbers of neurochemicals and metabolites to stress-related phenotypes. The objective of
the present study was to use an untargeted metabolomics approach to identify known and unknown
neurochemicals in select brain regions that distinguish susceptible and resistant individuals in a
rodent model of acute social defeat. In this study, male Syrian hamsters were paired in daily
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agonistic encounters for 2 weeks, during which they formed stable dominant-subordinate
relationships. Then, 24 hours after the last dominance encounter, animals were exposed to acute
social defeat stress. Immediately after social defeat, tissue was collected from the ventromedial
prefrontal cortex (vmPFC), basolateral/central amygdala (BLA/CeA), nucleus accumbens (NAc),
and dorsal hippocampus (dHPC). Ultra-high performance liquid chromatography coupled with
high resolution mass spectrometry (UPLC-HRMS) was used for the detection of water-soluble
neurochemicals. We found that dominant, subordinate, and control hamsters display distinct
neurochemical profiles in all brain regions assayed, as indicated through partial least squaresdiscriminant analyses. Furthermore, dominant hamsters show increased concentration of
molecules to protect against oxidative stress in the NAc and vmPFC. Additionally, unidentified
spectral features were preliminarily annotated as potential targets for future experiments. Overall,
these findings suggest that a metabolomics approach can identify functional groups of
neurochemicals that may serve as novel targets for the diagnosis, treatment, or prevention of stressrelated mental illness.

Introduction
Stress is a contributing factor in the etiology of several psychiatric conditions including
depression (Heim, Newport, Mletzko, Miller, & Nemeroff, 2008), panic disorder (Abelson, Khan,
Liberzon, & Young, 2007), and post-traumatic stress disorder (PTSD) (Meewisse, Reitsma, de
Vries, Gersons, & Olff, 2007). Aggression is a particularly salient form of trauma, and people
exposed to interpersonal violence are at a greater risk for developing PTSD than those exposed to
non-personal trauma (Charuvastra & Cloitre, 2008). However, many individuals who experience
stressful events do not develop a stress-related psychopathology, and there is a great deal of interest
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in what makes certain individuals resilient. Stress resilience refers to the ability of individuals to
maintain normal levels of psychological, biological, and social functioning following a traumatic
event. Importantly, resilience is an active process and not simply the absence of a pathological
response to stress (Charney, 2004; Feder, Nestler, & Charney, 2009; Russo, Murrough, Han,
Charney, & Nestler, 2012).
Animal models of social defeat stress have been put forth as high validity models of stressrelated mental illness and, interestingly, individuals exhibit pronounced variability to the effects
of social defeat (Nestler & Hyman, 2010). Genetically identical, inbred mice display a great deal
of variability in social avoidance following 10 days of chronic social defeat (Berton et al., 2006;
Krishnan et al., 2007) and two days of repeated social defeat (Dulka, Lynch, Latsko, Mulvany, &
Jasnow, 2015; Meduri, Farnbauch, & Jasnow, 2013). Susceptible mice avoid novel animals in a
social interaction test following social defeat stress, whereas resilient (or resistant) mice investigate
novel animals following social defeat stress in a pattern similar to non-defeated controls (Golden,
Covington, Berton, & Russo, 2011). In the chronic social defeat model, brain-derived neurotrophic
factor (BDNF) signaling in a neural circuit involving the ventral tegmental area and nucleus
accumbens (NAc) is critical for the expression of defeat-induced social avoidance in susceptible
animals (Berton et al., 2006). The ventromedial prefrontal cortex (vmPFC) also provides top-down
inhibitory control of the NAc and amygdala, which promotes a resistant phenotype after social
defeat stress (Vialou et al., 2014). In a mouse model using a single day of acute social defeat,
BDNF signaling in the basolateral amygdala (BLA) is necessary for acquisition of defeat-induced
social avoidance (Dulka et al., 2016). The development of the susceptible and resistant phenotypes
is largely unknown, although the epigenetic changes that underlie stress vulnerability may be
linked to environmental influences during pre-natal and post-natal development, including the
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establishment of early dominance hierarchies (Peaston & Whitelaw, 2006; Wong, Gottesman, &
Petronis, 2005).
Syrian hamsters are aggressive and territorial animals that exhibit a striking change in
behavior following social defeat stress. Following exposure to a single bout of social defeat, male
hamsters fail to defend their home territory and instead exhibit submissive and defensive behavior
toward novel non-aggressive intruders for up to one month (Huhman et al., 2003). This stressinduced change in agonistic behavior is called the conditioned defeat (CD) response and is similar
to the defeat-induced social avoidance shown by rats and mice (Kudryavtseva, 1994; Meerlo,
Overkamp, Daan, Van Den Hoofdakker, & Koolhaas, 1996). The CD response in hamsters is an
ethologically relevant form of conditioned fear and is regulated by many of the same brain regions,
neural circuits, and neurochemicals as conditioned fear. Neurotransmission in the central amygdala
(CeA) is critical for the expression of the CD response (Jasnow & Huhman, 2001). In the BLA,
NMDA receptors, BDNF, and cAMP response element binding (CREB) protein are each necessary
for the acquisition of the CD response (Day, Cooper, Markham, & Huhman, 2011; Jasnow, Shi,
Israel, Davis, & Huhman, 2005; Taylor et al., 2001). Neurotransmission in several other brain
regions is known to modulate the CD response, such as the NAc, ventral hippocampus, and vmPFC
(Gray, Norvelle, Larkin, & Huhman, 2015; Markham, Luckett, & Huhman, 2012; Markham,
Taylor, & Huhman, 2010). A great deal of variation exists in the amount of submissive and
defensive behavior exhibited by hamsters following social defeat. Previously, to investigate
vulnerability to the CD response, we allowed dyads of hamsters to establish and maintain
dominance relationships and then tested dominant and subordinate animals for their CD response.
We found that dominant hamsters show a reduced CD response and increased c-Fos
immunoreactivity in the vmPFC compared to subordinate and control animals (Morrison et al.,
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2014; Morrison, Swallows, & Cooper, 2011). Furthermore, pharmacological blockade of neural
activity in the vmPFC reinstated the CD response in dominant hamsters but did not alter
conditioned defeat in subordinates or controls (Morrison, Bader, McLaughlin, & Cooper, 2013).
While a great deal is known about the brain regions and neural circuitry that control the CD
response, relatively little is known about the neurochemistry within these structures.
There is growing interest in identifying neurochemical biomarkers to aid in the diagnosis,
risk assessment, and prevention of stress-related mental illnesses such as PTSD (Baker, Nievergelt,
& O'Connor, 2012; Yehuda, Neylan, Flory, & McFarlane, 2013; Zoladz & Diamond, 2013).
Additionally, neurochemicals identified after a stressor can serve as mechanistic biomarkers, and
such biomarkers can be used to improve the treatment of stress-related psychopathologies. While
attempts to identify biomarkers continue to be a major focus of biomedical research, at present
biomarkers have not made it into clinical application for mental illness. Part of the difficulty is that
individual neurochemicals are unlikely to correlate with diagnosis, risk, or treatment response for
complex forms of stress-related psychopathology. Taking a multifactorial approach is an essential
first step toward developing biomarkers for mental illness. Metabolomics is a quantitative analysis
of small molecules present in biological systems and has been increasingly used for the discovery
of biomarkers (Griffiths, Karu, Hornshaw, Woffendin, & Wang, 2007; Kaddurah-Daouk, Kristal,
& Weinshilboum, 2008; Oldiges et al., 2007). The use of untargeted metabolomics allows the user
to take a discovery-based approach, which initially results in a data generating experiment. After
relative quantitation of known metabolites based on pre-determined retention times and accurate
mass (< 5 ppm), the user is still left with thousands of unidentified spectral features (USFs) that
potentially relate to a novel compound.
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This study focused on characterizing the neurochemical profiles in select brain regions that
distinguish animals that are susceptible and resistant to the effects of acute social defeat stress. We
expected that subordinate and dominant hamsters would differentially express specific
neurochemical metabolites in brain regions known to modulate defeat-induced changes in
behavior. Further, this approach is expected to aid in the discovery of biomarkers by identifying
functional classes of compounds associated with stress susceptibility and resilience.
Materials and Methods
Animals and Housing Conditions
Male Syrian hamsters (3-4 months old, 120-180 g) were obtained from our breeding colony
that is derived from animals purchased from Charles River Laboratories (Wilmington, MA). All
animals were housed in polycarbonate cages (12 cm × 27 cm × 16 cm) with corncob bedding,
cotton nesting materials, and wire mesh tops. Food and water were available ad libitum. Cages
were not changed for one week prior to dominant–subordinate encounters to allow individuals to
scent mark their territory. Subjects were handled several times one week prior to dominant–
subordinate encounters to habituate them to the stress of human handling. Animals were housed
in a temperature controlled colony room (21 ± 2°C) and kept on a 14:10 h light:dark cycle to
facilitate reproductive maturation. All behavioral protocols were performed during the first 3 h of
the dark phase of their cycle. Procedures were approved by the University of Tennessee
Institutional Animal Care and Use Committee and are in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
Dominant-Subordinate Relationships
Hamsters were first given the opportunity to establish dominance relationships, and we
have previously shown that over time dominant animals become resistant to social defeat stress
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whereas subordinates become susceptible (Morrison et al., 2014). To establish social status,
subjects were weight-matched into resident-intruder dyads and paired in daily social encounters
for 14 days as described previously (Morrison et al., 2014). Subjects were randomly assigned as a
resident or intruder, and all social encounters occurred in the resident’s home cage. Encounters
were 10 min in duration prior to the establishment of dominance relationships, while all subsequent
encounters were 5 min. Dominant and subordinate animals were identified by the direction of
agonistic behavior within each dyad. If a dyad did not form a dominance relationship after 5
encounters, the animals were excluded from statistical analysis.
Social Defeat Stress
Social defeat stress consisted of subjects being placed in the home cages of three separate
hamsters that were larger, older animals (>6 months, >190 g). These larger animals were called
resident aggressors, and they were individually housed to maximize territorial aggression. Resident
aggressors were also prescreened to ensure that they reliably attacked and defeated intruders.
Subjects were exposed to three resident aggressors in consecutive 5 min aggressive encounters,
with 5-min inter-trial intervals in their own home cage, for a total duration of 25 min. The first
defeat episode did not begin until the subject submitted to an attack from the resident aggressor.
Subjects submitted immediately in the second and third defeat episodes. Non-defeated control
animals were placed in the empty home cages of three separate resident aggressors for three 5 min
exposures to control for the novel environment and olfactory cues associated with social defeat
stress. Social defeats were digitally recorded for behavioral analysis. The frequency of attacks by
the resident aggressor was recorded and scored by a blind observer. Whether or not subjects fought
back against the resident aggressor during the first social defeat episode was also recorded.
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Aggressive encounters were carefully monitored for wounding and animals that received
minor scratches were treated with an antiseptic solution. No animal received a wound that resulted
in signs of pain or distress and none of the animals were removed from the study because of
wounding.
Experimental Design
Thirty hamsters were paired in daily dominant-subordinate encounters. Three dyads were
excluded from analysis because they failed to establish a stable dominance relationship. Twentyfour hours after the final dominance encounter, 12 dominants and 12 subordinates received social
defeat stress. Fourteen control animals did not receive dominance encounters and were exposed to
empty cages instead of social defeat.
Tissue Collection
Immediately following the final social defeat encounter or control procedures, animals
were sacrificed with isoflurane and rapidly decapitated. A brain matrix was used to generate 1 mm
thick brain slices that were rapidly frozen on glass slides. Tissue punches (1 mm diameter) were
collected bilaterally from regions containing the BLA/CeA, dorsal hippocampus (dHPC), NAc,
and vmPFC. Tissue punches were flash frozen in liquid nitrogen and stored at -80ºC until
metabolite extraction. In some brain regions, tissue was not assayed because of inaccurate punches.
Due to inaccurate punches, 2 samples were excluded from the BLA/CeA, 8 samples were excluded
from the dHPC, 7 samples were excluded from the vmPFC, and 6 samples were excluded from the
NAc.
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Extraction Protocol
Samples were transferred from a -80°C freezer to a 5°C cold room, where they were left to
thaw for 20 minutes. The samples were then extracted using a modified acidic acetonitrile protocol
(Rabinowitz & Kimball, 2007). To the tissue punches, 500 μL of extraction solvent (40:40:20
acetonitrile/methanol/water containing 0.1 M formic acid) was added and the mixture was
transferred to -20°C for 20 minutes. The samples were then centrifuged for 5 min at 13,000 rpm
and the resulting supernatant was collected. Pellets were washed twice with 100 μL aliquots of
extraction solvent. The combined supernatants were then dried under nitrogen, followed by
resuspension with 150 μL of Millipore water.
Ultra-High Performance Liquid Chromatography-High-Resolution Mass Spectrometry
Analysis by ultra-high performance liquid chromatography-high-resolution mass
spectrometry (UPLC-HRMS) was completed using an ultimate 3000 LC pump coupled with an
Exactive Plus Orbitrap MS (Thermo Fisher Scientific, Waltham, MA). All solvents were HPLC
grade and purchased from Fisher Scientific (Atlanta, GA). The mobile phases, solvent A (97:3
water:methanol containing 10 mM tributylamine, and 15 mM acetic acid) and solvent B
(methanol), were set to use a multi-step gradient as follows; 0 to 5 min, 0% B; 5 to 13 min, 20%
B; 13 to 15.5 min, 55% B; 15.5 to 19 min, 95% B; and 19 to 25 min, 0% B. With a flow rate of
200 μL/min, a 10 μL aliquot of sample was injected through a Synergi 2.5 μm Hydro-RP 100, 100
x 2.0 mm LC column (Phenomenex) maintained at 25°C. While running full scan in negative
mode, the eluent was introduced to the MS by an electrospray ionization source (Lu et al., 2010).
Samples were analyzed with a resolving power of 140,000 and a scan window of 72 to 800 m/z
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from 0 to 9 min, and 100 to 1,000 m/z from 9 to 25 min. Samples were injected in a randomized
order to reduce instrumental error.
Data Processing
Raw files generated by the Xcaliber software (Thermo Fisher Scientific) were converted
to an open source format, mxML (Martens et al., 2011) via the open source MSConvert software
which is part of the ProteoWizard package (Chambers et al., 2012). The converted files were then
uploaded into the Metabolomic Analysis and Visualization Engine (MAVEN) software, an open
source program that reduces the complexity of metabolomics analysis which automatically adjusts
the total ion chromatograms based on retention times for each sample (Melamud, Vastag, &
Rabinowitz, 2010).
The MAVEN software package was used to select metabolites from a pre-existing list of
over 270 compounds (Melamud et al., 2010). Henceforth, identified metabolites are referred to as
known metabolites. All retention times were previously validated for exact mass and retention time
using chemical standards from Fisher Scientific or preexisting chromatography (Lu et al., 2010).
Integration of the area under the curve provided each metabolite with a total ion count that can be
considered the relative concentration of the metabolite within a single sample. MAVEN enables
the user to directly extract all spectral features from a single sample. Any spectral feature that was
not confirmed as a known metabolite will henceforth be referred to as an unidentified spectral
feature (USF).
Internal Ratio Normalization
Metabolite ion counts were normalized using the ratios of intensities among metabolites
within a sample using a modification of known methods (Altmaier et al., 2008; Suhre et al., 2011).
This internal ratio normalization (IRN) technique provides normalized fold changes for the
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selected array comparisons, as well as p-values from complimentary univariate analysis
techniques, one-way ANOVA with Tukey post-hocs and two-tailed Student’s t-tests. By assuming
that intensity ratios within a sample are consistent across all metabolites, an internal ratio can be
used to normalize the data in an attempt to reduce instrumental and technical variability. This
technique constructs a correlation type matrix for each sample, which is composed of the
individual ratios across every metabolite within the sample. These generated matrices are then
averaged among replicates, followed by comparison between treatments. Using the IRN R script
(https://irn-access:bu609campagna@gitlab.com/irn/irn.git), the data were normalized to produce
fold change and p-values across experimental comparisons. These normalized values were used to
produce the heatmap figure for known metabolites. The discussed IRN script is currently in
submission for publication.
Heatmaps
The fold-change data, after IRN, were log 2 transformed and clustered by average linkage
using Cluster software, version 3.0 (Eisen Lab, Berkeley, CA). This data was then displayed in a
heatmap generated by Java Treeview software (Saldanha, 2004). Using a saturated color scale
ranging from +3 (red) to -3 (blue), visual comparison of concentration changes can be observed.
The two array comparisons are listed above each column on the heatmap. Each cell has been
overlaid with a symbol representing a specific p-value range (≤ 0.01 – “***”; ≤ 0.05 – “**”; ≤ 0.1
– “*”) derived from a Student’s t-test. The heatmap figure can be found in Figure 2.1.
Partial Least Squares Discriminant Analysis
Within the field of metabolomics, a widely accepted statistical tool used to confirm
variation among variables is partial least squares discriminant analysis (PLS-DA). PLS-DA is a
statistical method, similar to principal components regression, which finds a linear regression
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model by projecting predicated variables and the observed variables into a new space. As a twodimensional, multivariate linear regression model, PLS-DA finds the direction of maximum
covariance between a data set (X) and the class (Y) (Wold, Sjöström, & Eriksson, 2001). The
original variables are compressed into fewer variables by using their weighted averages, referred
to as scores.
Following compilation of all spectral features detected (includes both identified and
unidentified spectral features), the grouped data was loaded into RStudio (Racine, 2012). To
generate the PLS-DA data, the DiscriMiner package was utilized and specifically the PLS-DA
function. All data were normalized by using an auto-scaling method that attempts to scale and
center the data by dividing each value by the metabolites standard deviation. By extracting the
PLS-DA scores values, the visualization aid was generated using the ggplot package with a 95%
confidence interval. Variable importance projection (VIP) score plots were also generated from
the plsDA function of DiscriMiner. The VIP score is a common feature selection tool that is a
probability function calculated by totaling the weighted sum of squares of the loading vectors (Xia,
Psychogios, Young, & Wishart, 2009), and this tool enables a matrix reduction of selected
metabolites for further investigation. A metabolite with a VIP score greater than or equal to 1.0
was considered a variable that highly contributed to the observed separation within the PLS-DA
plot. VIP plots can be found in Figure 2.2. These VIP plots only represent the identified spectral
features to facilitate interpretation.
Identification and Statistical Reduction of Unidentified Spectral Features
The MAVEN software includes a peak picking algorithm that generates a list of all spectral
features detected by the HRMS in a single sample. A user generated training model establishes a
quality score for each peak, which enables the software to identify thousands of USFs from each
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sample. All peaks were confirmed manually to have a proper Gaussian curve, 3:1 signal-to-blank,
and an ion count greater than 103.
Next, the lists were reduced using Student’s t-tests for three separate array comparisons;
dominant vs. control, subordinate vs. control, and dominant vs. subordinate. Using this statistical
tool dramatically reduces the overall number of identified metabolites, which are then manually
investigated to remove any known metabolites that were previously identified, as well as any
carbon-13 isomers.
Finally, the web-based statistical analysis tools of Metaboanalyst (Xia et al., 2009) were
used to focus on a small number of these USFs. Through cross comparison of the VIP score plots
generated from the PLS-DA and the mean decrease in accuracy (MDA) plots from the random
forest classification, a reduced list of ~30 important USFs were extrapolated and used for
additional investigation. By viewing Table 2.1 the specific quantities of USFs after each step can
be observed for each brain region.
Statistical Analysis
Data were analyzed using one-way ANOVAs followed by Tukey’s post-hocs, Student’s ttests, and chi-square tests, where appropriate. Statistical significance was set at α = 0.05. Data are
reported as mean ± SEM, except where noted. Statistical reduction of USFs was accomplished
using Student’s t-tests (p ≤ 0.05) and VIP score (≥ 1.0), and individual metabolites of interest were
confirmed to be significant through one-way ANOVA analysis and Tukey’s post hoc tests.
Results
Behavioral Data
The daily dyadic encounters of dominant and subordinate hamsters were videotaped and
monitored in real time to determine the direction of aggression. On average, dominance
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relationships were established on day 1.07 (SD = 0.26). Dominant animals continued to direct
aggression towards the subordinate throughout the two-week period. Two pairs were excluded
because they did not form a dominance relationship after 5 days of dyadic encounters, and one pair
was excluded because of a switch in dominance status on day 6. The number of attacks received
during social defeat stress, as well as the duration of fighting back by subjects during the first
defeat were scored by an observer blind to treatment conditions. There were no significant
differences between dominant (5.94 ± 0.86) and subordinate (5.14 ± 0.69) hamsters in the number
of attacks received (t = 0.91, df = 70, p = 0.37). Dominant hamsters (8/12) also fought back
significantly more often than subordinates (0/12) (χ2 = 12.00, df = 1, p = 0.0005).
Metabolomics Data
PLS-DA Reveals Distinct Metabolic Profiles in Hamsters
Figure 2.3 represents the PLS-DA plots generated from the four select brain regions, and
the shaded ellipses represent the 95% confidence intervals for each treatment condition. Significant
separation of metabolites was achieved, which suggests that dominant, subordinate, and controls
exhibit a significantly different metabolic pattern of known and unknown metabolites in each brain
region. Furthermore, from the VIP scores derived from the PLS-DA analyses, we extracted
variables that differentiated subordinate and dominant hamsters. Each brain region exhibited a
unique set of relevant (VIP ≥ 1.0) metabolites (BLA/CeA: 48, dHPC: 39, vmPFC: 29, NAc: 29).
Identifying Representative Known Metabolites
One-way ANOVA analyses also revealed changes in the concentration of known
neurochemical metabolites. In the BLA/CeA, serine differed significantly across conditions (F(2,
33 =

3.542, p = 0.040); specifically, dominants had significantly lower levels compared to controls

(Figure 2.4A; p = 0.034). In the NAc, a statistical trend was observed in the relative abundance of
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fumarate (F(2, 30 = 2.837, p = 0.074; VIP = 0.831), and dominant animals tended to have a higher
expression compared to subordinates (Figure 2.4B; p = 0.063). In the vmPFC, tyrosine differed
significantly across animals (F(2, 30 = 9.096, p = 0.001), and dominant hamsters had a higher relative
abundance compared to controls and subordinates (Figure 2.4C; p = 0.001 and p = 0.018,
respectively). Also in the vmPFC, significant differences were observed in the expression of
methionine (F(2, 30 = 8.017, p = 0.002), specifically, dominants had a higher relative abundance
compared to controls and subordinates (Figure 2.4D; p = 0.001 and p = 0.023, respectively).
However, in the dHPC, no significant differences were observed across treatment conditions.
Identifying Representative Unknown Metabolites
The discovery of thousands of USFs reveals the true complexity of mammalian
metabolism. In the BLA/CeA, dHPC, NAc, and vmPFC the total USFs identified were 6981, 5622,
9565, and 7420, respectively (Table 2.1). Following statistical reduction of USFs, we identified a
total of 27, 28, 33, and 28 features from the BLA/CeA, dHPC, NAc, and vmPFC, respectively.
The compilation of USFs represents a list of unique parent masses not found in our list of known
metabolites.
Regarding unknown metabolites, only USFs that revealed significant changes between
dominant and subordinate hamsters were further investigated using the Human Metabolome
Database (HMDB) (Wishart et al., 2013) to produce a list of potential compound matches.
Significance was established through the following parameters: Student t-test: p ≤ 0.05, VIP ≥ 1.0,
and the mean decrease in accuracy (MDA) (top 10%). Since each parent mass could exist as an
adduct (i.e. [M+Na-H]), the number of matches were anywhere from 0 to 50. Compound matches
were screened against existing literature to determine biologically relevant matches. Potential
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metabolites of interest were then verified to be significant through one-way ANOVA analyses
followed by Tukey’s post-hoc tests.
The following features were selected (Table 2.2). In the BLA/CeA of hamsters, the m/z
316.1012 feature (F(2, 33 = 11.073, p < 0.001) was significantly increased in subordinates compared
to controls (p = 0.001) and dominants (p < 0.001). Also, in the BLA/CeA, the m/z 289.0903 feature
(F(2, 33 = 3.434, p = 0.044) was significantly decreased in subordinates compared to dominants (p
= 0.044). Two features; m/z 320.0619 (F(2, 29 = 3.163, p = 0.057) and m/z 342.0441 (F(2, 29 = 5.402,
p = 0.010) in the NAc were selected as potential adduct masses, which means that they are derived
from the same compound. These features showed a decreased concentration in subordinate
hamsters compared to dominant hamsters (p = 0.050 and p = 0.010, respectively).
Discussion
Identifying the Characteristic Metabolome Associated with Social Defeat
For the first time, UPLC-HRMS based metabolomics analyses were used to investigate the
metabolic fluctuations associated with stress resistance. Metabolomics as a field is currently at its
infancy. Complications arising from biological diversity and poor understanding of how to
interpret results defines the current state of the field. There are thousands of metabolites within a
biological system, not to mention that each metabolite can be involved within multiple metabolic
pathways. These current issues present an opportunity to discover novel aspects of biological
systems. An untargeted method was used for the current analysis, with the goal of identifying
features that could lead to the discovery of a novel biomarker. The varying levels of global
metabolites were analyzed using PLS-DA, which resulted in significant clustering of subjects and
separation of dominants, subordinates, and controls. The separation of the phenotypes in the PLSDA plots suggests that stress-induced metabolic fluctuations can reliably predict phenotypic
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responses to social defeat stress. Based on VIP scores and Tukey’s post hoc comparisons,
significant fluctuations were found in small molecules that are associated with susceptibility and
resistance to social stress in hamsters.
Interestingly, hamsters that are susceptible and resistant to social defeat stress show
changes in small molecules in the NAc and vmPFC that modulate oxidative stress. The levels of
fumarate tended to be higher in the NAc of dominants compared to subordinates. Fumarate is an
intermediate in the Krebs cycle used by cells to produce energy in the form of adenosine
triphosphate (ATP). Not surprisingly, oxidative stress suppresses the Krebs cycle (Tretter &
Adam-Vizi, 2000). Esterification of the unsaturated dicarbonic acid, fumarate can be
enzymatically catalyzed to form fumaric acid esters, such as dimethyl fumarate that has been
shown to exert neuroprotective effects against neuroinflammation via activation of the Nrf2
antioxidant pathway (Linker et al., 2011). Additionally, research has also shown that dimethyl
fumarate protects cells from oxidative stress (Albrecht et al., 2012). In addition to these molecules
within the NAc that modulate oxidative stress, evidence of protection from oxidative stress was
further observed in the vmPFC of dominant hamsters. For example, methionine was elevated in
dominants compared to both controls and subordinates. Methionine is an antioxidant that has been
shown to reverse the effects of oxidative stress (Luo & Levine, 2009; Nandi, Patra, & Swarup,
2005; Patra, Swarup, & Dwivedi, 2001). Overall, subjects resistant to acute social defeat had
elevated levels of small molecules in the NAc and vmPFC following social defeat that protect
against oxidative stress, such as fumarate and methionine.
This study also revealed significant defeat-induced changes in the neurotransmitter
precursor tyrosine. Specifically, we found that dominant animals had increased tyrosine
concentrations in the vmPFC compared to subordinates. Tyrosine serves as a critical precursor to
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catecholamines and has antioxidant properties (Gülçin, 2007; Yen & Hsieh, 1997). Rats given
tyrosine before acute tail-shock displayed neither shock-induced norepinephrine depletion nor the
deficits in exploratory behavior observed in saline-treated animals (Reinstein, Lehnert, Scott, &
Wurtman, 1984). Similarly, pre-treatment with tyrosine not only prevented behavioral depression
and norepinephrine depletion after acute restraint stress and intermittent tail-shock but also
suppressed the rise in plasma corticosterone (Reinstein, Lehnert, & Wurtman, 1985).
Additionally, we found that dominant hamsters had lower serine concentrations in the
BLA/CeA compared to control hamsters. D-serine is an endogenous modulator of the glycine site
of NMDA receptors and functions to facilitate memory processes (Collingridge et al., 2013;
Mothet et al., 2000). Systemic administration of D-serine has been shown to enhance both object
recognition and T-maze performance (Bado et al., 2011). While partial agonists at the glycine site
on NMDA receptors have been proposed as cognitive enhancers to facilitate cognitive behavioral
therapy (Davis, Ressler, Rothbaum, & Richardson, 2006), systemic administration of D-serine
induces oxidative stress in the rat brain (Armagan, Kanıt, & Yalcin, 2011). One possibility is that
dominant animals may have less endogenous serine to bind to the glycine site of the NMDA
receptor in the BLA, which may also reduce the potential for oxidative stress.
Characterization of Unidentified Spectral Features Affected by Social Stress
The current state of metabolomics research is focused on the structural elucidation of USFs
from an untargeted experiment. Through this technology, the breadth of the metabolome can be
revealed but there are many steps involved with confirmation of structure. This hypothesis driven
experiment has produced thousands of USFs, which are potential metabolites that could better
explain the entire metabolome of a subject. Here, we provided a high-throughput method for the
characterization of USFs. In this experiment, the aim was to find a reduced list of metabolites that
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exhibited significant metabolic changes associated with social stress defeat and provide possible
compound matches to be evaluated in future experiments.
Preliminary annotation of USFs revealed another compound related to oxidative stress. In
the BLA/CeA of hamsters, the 289.0903 m/z at 11.6 mins feature corresponded to Nacetylcarnosine (NAC). This free-radical scavenger is a natural N-acetylated dipeptide consisting
of alanine and histidine. Carnosine derivatives have been shown to act as natural antioxidants with
hydroxy radical, singlet oxygen scavenging and lipid peroxidase properties (Babizhayev et al.,
1994). Although this compound hasn’t been associated with stress-related behavior, NAC
treatment has been shown to reduce the effects of cataracts, which are caused by oxidative stress
on the lens (Babizhayev et al., 2001). In the present study, NAC was increased in dominant
hamsters, suggesting a potential mechanism that protects against oxidative stress.
In a separate correlation, two USF features from hamsters exhibited effects on the
efficiency of mitochondrial activity. In mammalian cells, mitochondria have been shown to
produce reactive oxygen species (ROSs) to reduce oxidative damage and contribute to redox
signaling to the nucleus (Murphy, 2009). L-acetylcarnitine (LAC) has a known biological function
of improving the efficiency of mitochondrial function by facilitating the movement of acetyl CoA
into the matrices (Wutzke & Lorenz, 2004). In our study, the amount of LAC (316.1012 at 11.6
min) was significantly increased in the BLA/CeA of subordinate hamsters. This observation
reveals that the cellular mitochondrial activity is being up-regulated in subordinate hamsters after
social defeat. Additionally, the NAc samples revealed a significant decrease of relative
concentration in subordinate hamsters for a set of parent masses at 15 mins; 320.0619 ([M-H]) and
342.0441 ([M+Na-2H]). These features both correlated to beta-citryl-L-glutamic acid, which is a
derivative of glutamate found in the developing brain of rats (Miyake, Kakimoto, & Sorimachi,
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1978). This metabolite has been shown to be an iron carrier that is used to activate the enzyme
aconitase (Hamada-Kanazawa et al., 2011), which is used to enhance cell viability by accelerating
mitochondrial activity. Alterations to normal mitochondrial function during stress can contribute
to cell death through two mechanisms; change in production of ROSs and release of death
regulatory and signaling molecules from the intermembrane space (García-Ruiz, Colell, Morales,
Kaplowitz, & Fernández-Checa, 1995; Ouyang & Giffard, 2004).
Limitations
Some limitations of the present study should be acknowledged. While untargeted
metabolomics provides opportunity for the discovery of novel biomarkers, large quantities of data
are produced and an agreed upon high-throughput method for structure elucidation has not been
validated. We have used statistical significance to reduce the number of USFs considered for
discussion, although additional tandem MS/MS analyses should be performed to definitively
characterize novel metabolites. Additionally, this study is limited in that it only used male subjects,
which is particularly concerning given that women are more likely to develop a stress-related
mental illness (Bekker & van Mens-Verhulst, 2007; Kessler, 2003). Indeed, a sex bias exists in
neuroscience research (Beery & Zucker, 2011), especially within the realm of social defeat models.
One noteworthy exception can be seen in work with the California mouse (Peromyscus
californicus), a monogamous species in which both males and females aggressively defend their
home territories (Ribble & Salvioni, 1990). In this species, females are particularly susceptible to
social defeat compared to males, and analyses of brain activity immediately following social
interaction testing suggested that cellular activity in the NAc may be related to social avoidance
(Trainor, 2011). While these data suggest that the NAc may be ideally situated to study biomarkers
in females, sex-differences in stress-induced social withdrawal in the California mouse are also
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associated with BDNF in the bed nucleus of the stria terminalus (Greenberg et al., 2013). Overall,
further research is needed to characterize the stress-induced neurochemical profiles of females.
Conclusions
An analysis of defeat-induced changes in metabolites within select brain regions indicates
that the concentrations of many small molecules differ between dominant and subordinate
hamsters. Specifically, dominant hamsters show an increased concentration of molecules that
protect against oxidative stress in the NAc and vmPFC. Dominant hamsters also show an increased
relative abundance of the dopamine precursor tyrosine in the vmPFC. Overall, a metabolomics
approach to the study of stress resilience can identify functional groups of neurochemicals that
may serve as novel targets for the treatment of stress-related mental illness.
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Figure 2.1 Heatmap of all identified metabolites. Array comparisons are labeled at the top of
the figure; D/C: dominant/control, S/C: subordinate/control, and D/S: dominant/subordinate
(numerator/denominator). Saturated colors are displayed on a log 2 scale. A Student’s t-test was
used to produce the p-values using a two-tail comparison of the arrays. Values were converted to
symbols and overlaid onto the figure.
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Figure 2.2 VIP plots of identified metabolites. Labels are provided to explain the total number
of metabolites within three ranges; VIP ≥ 1.0, 1.0 < VIP ≥ 0.8, and VIP < 0.8. These plots are
derived from PLS-DA multivariate analysis. A) BLA/CeA, B) dHPC, C) NAc, D) vmPFC.

74

Figure 2.3 Metabolite patterns from untargeted metabolomics approach. Qualitative profiling
for control (yellow), dominant (red), and subordinate (blue) hamsters was conducted with PLSDA. PLS component 1 (X-axis) and PLS component 2 (Y-axis) represent the highest two X-scores
of dimensions 1 and 2 for matrix X of metabolite ion abundances, respectively. Ellipses express a
95% confidence interval. Plots exhibit significant separation and clustering of samples across all
four brain regions. A) BLA/CeA, B) dHPC, C) NAc, D) vmPFC.
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Figure 2.4 Effects of social defeat and dominance status on the relative abundance of
neurochemical metabolites. A) In the BLA/CeA, dominant hamsters had significantly lower
levels of serine compared to controls. B) In the NAc, dominant hamsters tended to have higher
levels of fumarate. C) In the vmPFC, dominant hamsters had a greater relative abundance of
tyrosine compared to controls and subordinates. D) Finally, also in the vmPFC, dominant hamsters
had significantly higher levels of methionine compared to controls and subordinates. Data are
shown as mean ± SEM. An asterisk indicates a significant difference between groups as
determined by a Tukey’s post hoc test (*p ≤ 0.05, #p = 0.074).
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Table 2.1 Total number of unidentified spectral features detected using UPLC-HRMS for
untargeted metabolomics.
Brain
Region

Unidentified Significant*
Spectral
USFs
Features
(USFs)
6981
281
BLA/CeA

Significant*
USFs
(Dom v Ctrl)

Significant* Significant*
USFs
USFs
(Sub v Ctrl) (Dom v Sub)

147

72

111

Reduced
List of
Important
USFs
27

dHPC

5622

541

235

285

114

27

NAc

9565

421

101

195

194

30

vmPFC

7420

334

86

203

104

29

*Significant features refers to p-value ≤ 0.05 (in a Student’s t-test), variable importance in
projection (VIP) ≥ 1.0, and the mean decrease in accuracy (MDA) = top 10%.
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Table 2.2 Unidentified spectral features (USFs) selected for discussion.
Brain Region

USF Parent
Mass (Da)

Retention time
(min)

Adduct

HMDB match

BLA/CeA

316.1012

11.6

[M+TFA-H]

L-acetylcarnitine

289.0903

11.6

[M+Na-2H]

N-acetylcarnosine

dHPC

No statistically and biologically active matches

vmPFC
NAc

No statistically and biologically active matches
320.0619

15.0

[M-H]

342.0441

15.0

[M+Na-2H]
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beta-citryl-L-glutamic
acid

Chapter 3
Social Dominance Modulates Stress-Induced Neural Activity in Ventromedial Prefrontal
Cortex Projections to the Basolateral Amygdala
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Abstract
Stress is a contributing factor in the etiology of several mood and anxiety disorders, and social
defeat models are used to investigate the biological basis of stress-related psychopathologies. Male
Syrian hamsters are highly aggressive and territorial, but after social defeat they exhibit a
conditioned defeat (CD) response which is characterized by increased submissive behavior and a
failure to defend their home territory against a smaller, non-aggressive intruder. Hamsters with
dominant social status show increased c-Fos expression in the infralimbic (IL) cortex following
social defeat and display a reduced CD response at testing compared to subordinates and controls.
In this study, we tested the prediction that dominants would show increased defeat-induced neural
activity in IL, but not prelimbic (PL) or ventral hippocampus (vHPC), neurons that send efferent
projections to the basolateral amygdala (BLA) compared to subordinates. We injected the
retrograde tracer cholera toxin B (CTB) into the BLA, performed dual immunohistochemistry for
c-Fos and CTB, and found that dominants display a significantly greater proportion of doublelabeled c-Fos + CTB cells in both the IL and PL. Furthermore, dominants display more single-
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labeled c-Fos-positive cells in both the IL and PL, but not vHPC, compared to subordinates. These
findings suggest that dominant hamsters selectively activate IL and PL, but not vHPC, projections
to the BLA during social defeat, which may be responsible for their reduced CD response. This
project extends our understanding of the neural circuits underlying resistance to social stress,
which is an important step towards delineating a circuit-based approach for the prevention and
treatment of stress-related psychopathologies.

Introduction
Stress is a contributing factor in the etiology of several mood and anxiety disorders
(Abelson, Khan, Liberzon, & Young, 2007; Heim, Newport, Mletzko, Miller, & Nemeroff, 2008;
Meewisse, Reitsma, de Vries, Gersons, & Olff, 2007). However, many individuals who experience
stressful events do not develop a stress-related psychopathology. Resilience refers to the ability to
maintain normal levels of psychological, biological, and social functioning following a trauma or
stressful event. Because some people cope better with stress than others, resilience to the negative
effects of aversive and traumatic events varies within the human population. Post-traumatic stress
disorder (PTSD) is one example of how symptoms such as hyper-vigilance, helplessness,
avoidance, and increased arousal may develop in some, but not all, people who experience trauma.
Rodent models of social defeat stress have strong face, construct, and predictive validity
for stress-induced psychopathologies (Huhman, 2006; Nestler & Hyman, 2010). One example of
striking behavioral changes that result from social defeat is observed in Syrian hamsters. Male
Syrian hamsters are highly aggressive and territorial animals; but after a single defeat experience,
they no longer defend their home territory in a subsequent social interaction test, even when
confronted with a smaller, non-aggressive intruder. Instead, a defeated hamster will show
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defensive postures and display submissive behaviors such as flees and tail raises. This defeatinduced change in agonistic behavior is called conditioned defeat (CD) (Huhman et al., 2003). We
have previously shown that dominant hamsters exhibit less submissive and defensive behavior at
CD testing compared to subordinates and controls and thereby show a reduced CD response
(Morrison, Swallows, & Cooper, 2011). Importantly, dominant hamsters acquire resistance to CD
during the long-term maintenance of their social status, because hamsters that win encounters for
14 days show CD resistance, but hamsters that win encounters for one or seven days do not
(Morrison et al., 2014). In sum, these findings suggest that differential CD responses of dominant
and subordinate hamsters are experience-dependent.
The ventromedial prefrontal cortex (vmPFC), which includes the infralimbic (IL) and
prelimbic (PL) cortices, controls emotion regulation, working memory, and executive function
(Dalley, Cardinal, & Robbins, 2004; Davidson, 2002; Wang et al., 2006). Importantly, the vmPFC
also regulates many aspects of the stress response and promotes coping with stress. For example,
the vmPFC is part of a neural circuit that inhibits neurons in the paraventricular nucleus of the
hypothalamus and supports extinction of the neuroendocrine stress response (Radley, Gosselink,
& Sawchenko, 2009; Radley & Sawchenko, 2011). The vmPFC is also critical for the ability of
environmental enrichment to promote stress resistance, as lesioning of the IL prior to
environmental enrichment eliminates resistance to the effects of social defeat stress in mice
(Lehmann & Herkenham, 2011). In squirrel monkeys, exposure to mild maternal separation early
in life (i.e. stress inoculation) leads to decreased anxiety, increased novel object exploration, and
diminished stress-induced cortisol levels (Parker, Buckmaster, Schatzberg, & Lyons, 2004).
Importantly, monkeys exposed to this mild maternal separation also exhibit increased grey and
white matter in the vmPFC compared to non-separated controls, indicating that the process of
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coping with mild early life stress increases myelination and volume of the vmPFC (Katz et al.,
2009). In addition, we have shown previously that dominant hamsters not only display reduced
CD compared to subordinates, but they also have increased defeat-induced neural activation in the
IL (Morrison, Curry, & Cooper, 2012). Furthermore, pharmacological inactivation of the vmPFC
prior to social defeat reinstates normal levels of CD in dominant hamsters (Morrison, Bader,
McLaughlin, & Cooper, 2013). In sum, neural activity within the vmPFC is necessary for
resistance to the behavioral and physiological effects of stress.
The vmPFC also has a well-established role in PTSD. Neuroimaging studies have revealed
that the vmPFC is one area of hypoactivation in subjects with PTSD relative to controls (Bremner
et al., 1999; Bremner et al., 1999; Hayes, Hayes, & Mikedis, 2012). Additionally, when the vmPFC
was hypoactivated, greater amygdala activation was observed in PTSD patients (Hayes et al.,
2012; Rauch et al., 2000; Shin et al., 2004). Further, PTSD is often conceptualized as a deficit in
fear extinction (Milad et al., 2008; Orr et al., 2000; Wessa & Flor, 2007), and studies on the
mechanisms of fear extinction have also implicated the vmPFC and its connection with the
amygdala (Hefner et al., 2008; Linnman et al., 2012; Phelps, Delgado, Nearing, & LeDoux, 2004).
Pyramidal neurons in the IL send glutamatergic projections to both the basolateral
amygdala (BLA) and central amygdala (CeA) (Gabbott, Warner, Jays, P. Salway, & Busby, 2005;
McDonald, Mascagni, & Guo, 1996; Vertes, 2004), and these glutamatergic inputs inhibit the BLA
and CeA via GABAergic interneurons (Ehrlich et al., 2009). Furthermore, the IL sends robust
projections to the intercalated (ITC) GABAergic neurons located between the BLA and CeA, as
does the PL, albeit to a lesser extent (McDonald et al., 1996; Pinard, Mascagni, & McDonald,
2012). These ITC cells provide feed-forward inhibition to the CeA in response to glutamatergic
input into the BLA (Paré & Smith, 1993) and are required for the expression of fear extinction (
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Likhtik, Popa, Apergis-Schoute, Fidacaro, & Paré, 2008). It is also well established that neural
activity specifically within the IL is required for the formation of an extinction memory (Milad &
Quirk, 2002; Milad, Vidal-Gonzalez, & Quirk, 2004). More specifically, an IL-to-BLA pathway
has also been shown to regulate the decrease in conditioned fear that results from extinction
training (Herry et al., 2010; Sierra-Mercado, Padilla-Coreano, & Quirk, 2011).
Pyramidal neurons in the PL also send robust projections to the BLA and CeA (Gabbott,
Warner, Jays, Salway, & Busby, 2005; McDonald et al., 1996; Vertes, 2004). However, the role
of PL-to-amygdala projections in stress-related behavior is somewhat mixed. Following intra-PL
cholecystokinin (CCK) administration to induce anxiety, optogenetic activation of a PL-to-BLA
projection was able to decreased anxiety in an elevated plus maze (Vialou et al., 2014). Other
studies suggest that neural activity in a PL-to-BLA pathway promotes fear expression.
Specifically, BLA-projecting neurons within the PL were selectively activated during the renewal
of fear (Orsini, Kim, Knapska, & Maren, 2011). Activity within PL-to-lateral amygdala neurons
may also promote fear expression over retrieval of an extinction memory (Knapska et al., 2012).
Additionally, ventral hippocampus (vHPC) neurons projecting to the BLA have been shown to
express increased c-Fos protein during fear renewal (Jin & Maren, 2015; Orsini et al., 2011).
While multiple cortical and limbic afferents to the amygdala modulate fear and anxiety, it
is unclear which projections modulate status-dependent differences in stress vulnerability. In this
study, we predicted that acute social defeat would lead to greater activation of IL-to-BLA, but not
PL-to-BLA or vHPC-to-BLA, neural projections in dominant hamsters compared to subordinates
and controls.
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Materials and Methods
Subjects
Subjects were male Syrian hamsters (3-4 months old, 120-180 g) obtained from our
breeding colony that is derived from animals purchased from Charles River Laboratories. Older
hamsters (>6 months, >190g) were individually housed and used as resident aggressors for social
defeat stress. All animals were housed in polycarbonate cages (12 cm × 27 cm × 16 cm) with
corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were available ad
libitum. Cages were not changed for one week prior to dominant–subordinate encounters to allow
individuals to scent mark their territory. Subjects were handled several times one week prior to
dominant–subordinate encounters to habituate them to the stress of human handling. Animals were
housed in a temperature controlled colony room (21 ± 2°C) and kept on a 14:10 h light:dark cycle
to maintain reproductive condition. All behavioral protocols were performed during the first 3 h
of the dark phase of their cycle. All procedures were approved by the University of Tennessee
Institutional Animal Care and Use Committee and are in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
Dominant-subordinate encounters
To allow animals to establish social dominance, 32 subjects were weight-matched into
resident-intruder dyads and paired in daily social encounters on Days 1-9 and 12-16. Subjects were
randomly assigned as a resident or intruder, and all dominance encounters occurred in the
resident’s home cage. Encounters were 10 min in duration prior to the establishment of dominance
relationships, while all subsequent encounters were 5 min. Dominant and subordinate animals
were identified by the direction of agonistic behavior within each dyad. Thirty-one control
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hamsters (18 social status controls and 13 no defeat controls) did not receive dominance
encounters.
Stereotaxic surgery and injection of retrograde tracer
On Day 10 all animals were anesthetized with isoflurane, mounted in a stereotaxic
instrument, and received a unilateral injection of the retrograde tracer cholera toxin B (CTB; List
Biological Laboratories; 1% solution) into the BLA. Dominance encounters were paused for
stereotaxic surgery on Day 10 because previous research indicates maximal retrograde transport
of CTB 7 days post-injection (Been & Petrulis, 2011; Coolen & Wood, 1998). The stereotaxic
coordinates were 0.6 mm posterior and 3.95 mm lateral to bregma and 6.5 mm below dura. The
side of the injection was counterbalanced across all experimental groups. Pressure injections were
used to deposit 50 nL of CTB solution over a 5 min period, and the syringe was left in place for
10 min following the injection to minimize flow of the solution up the needle tract. Animals were
given 48 hrs to recover from surgery before resuming daily dominance encounters.
Acute social defeat stress
Acute social defeat stress consisted of subjects being placed in the home cages of three
separate resident aggressors on Day 17. Resident aggressors were also prescreened to ensure that
they reliably attacked and defeated intruders. Subjects (dominants, subordinates, and social status
controls) were exposed to three resident aggressors in consecutive 5-min aggressive encounters at
5-min inter-trial intervals. The first defeat episode began when the subject submitted to an attack
from the resident aggressor. Subjects submitted immediately in the second and third defeat
episodes. No defeat control animals were placed in the empty home cages of three separate resident
aggressors for three 5-min exposures to control for the novel environment and olfactory cues
associated with social defeat stress. Social defeats were digitally recorded for behavioral analysis
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and monitored closely in real time. The number of attacks received during social defeat stress, the
duration of aggressive behavior received during social defeat stress, as well as whether or not
subjects fought back during the first defeat were scored by an observer blind to treatment
conditions. This observer achieved 90% agreement on aggressive behavior in a subset of existing
video files used for reliability training. Aggressive encounters were carefully monitored for
wounding and animals that received minor scratches were treated with antiseptic solution.
Histology and immunohistochemistry
60 min after social defeat stress or control procedures, all animals were anesthetized with
isoflurane and transcardially perfused with 100 ml of 0.1 M phosphate buffered solution (PB; pH
7.4) followed by 100 ml of 4% paraformaldehyde. Brains were removed and post-fixed in 4%
paraformaldehyde for 24 h, followed by 0.1 M PB/30% sucrose solution for 48 h, and then were
stored in cryoprotectant, all at 4 °C. A consecutive series of 40 µm coronal sections were cut
submerged in PB on a vibrating microtome, collected in 9 vials, and stored as free-floating sections
in cryoprotectant at 4 °C. The collected sections were processed for either CTB (sections
containing the amygdala complex) or c-Fos + CTB (sections containing the vmPFC or vHPC)
immunoreactivity (IR). After immunohistochemistry, all sections were washed with distilled H 2O
prior to being mounted on glass microscope slides. After air-drying for 48 hrs, sections were
dehydrated using a series of alcohols, cleared with citrosolv, and coverslipped using DPX
mountant (Sigma-Aldrich). All vmPFC or vHPC tissue was processed simultaneously, while
injection sites on amygdala sections were processed by cohort.
For CTB labeling, sections were rinsed in five 10 min washes in a phosphate buffered
Triton solution (0.2% PB-Tx; 0.2% Triton X-100 in 0.1 M PB, pH 7.4) before each incubation,
which were conducted at room temperature (RT) unless otherwise stated. Sections were quenched
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for endogenous peroxidase activity in a 0.3% hydrogen peroxide and 30% methanol solution for
25 min. Sections were then incubated in 5% horse serum (HS) in 0.2% PB-Tx for 30 min to block
non-specific binding. Next, sections were incubated 1 hr in 5% HS in 0.2% PB-Tx with CTB
primary antibody at 1:40,000 concentration (goat anti-CTB, List Biological Laboratories).
Sections were then incubated in the primary antibody solution for an additional 48 hrs at 4 °C.
Following incubation in the CTB primary antibody solution, the sections were rinsed in 0.2% PBTx and then incubated for 1 hr in 0.2% PB-Tx with biotinylated horse, anti-goat IgG antibody at
1:200 concentration (Vector Laboratories: BA-9500). Sections were then incubated for 1 hr in
0.2% PB-Tx with an avidin-biotin complex (ABC Kit, Vector Laboratories: PK-4000), and the
peroxidase reaction with visualized using a 10-15 min incubation in 50% 3,3’-diaminobenzidine
(DAB tablet, Sigma-Aldrich: D5905) and hydrogen peroxide dissolved in PB. Finally, sections
were rinsed in five 10 min PB washes.
For c-Fos + CTB labeling, sections were first rinsed in three 5 min washes in PB (all rinses
and incubations were conducted at RT unless otherwise stated). Then sections were treated with
freshly prepared 0.5% sodium borohydride in PB for 30 min. Sections were next rinsed in six 2
min washes in PB. Then, sections were blocked in a phosphate buffered Triton solution (0.5% PBTx; 0.5% Triton X-100 in 0.1 M PB, pH 7.4) for 10, 30, and 10 min. Sections were next incubated
1 hr in 5% HS in 0.5% PB-Tx with primary antibody at 1:40,000 concentration (goat anti-CTB,
List Biological Laboratories). Then sections were incubated in the primary antibody solution for
an additional 48 hrs at 4 °C. Next, sections were rinsed in four 15 min washes in 0.5% PB-Tx (as
were all subsequent washes prior to each incubation unless otherwise stated). Sections were then
incubated for 1 hr in 0.5% PB-Tx with biotinylated horse, anti-goat IgG antibody at 1:200
concentration (Vector Laboratories: BA-9500), incubated for 1 hr in 0.5% PB-Tx with an avidin-
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biotin complex (ABC Kit, Vector Laboratories: PK-4000), and then the peroxidase reaction was
visualized using a 5-10 min incubation in 5% 3,3’-diaminobenzidine (DAB tablet, Sigma-Aldrich:
D5905) and hydrogen peroxide dissolved in PB. Tissue was then dunked a few times in a fresh
0.5% PB-Tx rinse before being rinsed in three 10 min washes in 0.5% PB-Tx. Next, sections were
incubated for 15 min in 5% Avidin-D (Vector Laboratories: SP-2001) in 0.5% PB-Tx. Sections
were then dunked a few times in a fresh 0.5% PB-Tx rinse. Next, sections were incubated overnight
at RT in c-Fos primary antibody at 1:5,000 concentration (rabbit anti-c-Fos, Santa Cruz: sc-52)
with 5% Biotin blocker (Vector Laboratories: SP-2001) and 5% HS in 0.5% PB-Tx. Following
incubation in the c-Fos primary antibody solution, the sections were rinsed in 0.5% PB-Tx and
then incubated for 1 hr in 0.5% PB-Tx with biotinylated horse, anti-rabbit IgG antibody at 1:200
concentration (Vector Laboratories: BA-1100). Sections were then incubated for 1 hr in 0.5% PBTx with an avidin-biotin complex (ABC Kit, Vector Laboratories: PK-4000), and the peroxidase
reaction was visualized using a 10-20 min incubation in 25% 3,3’-diaminobenzidine (DAB tablet,
Sigma-Aldrich: D5905) with ammonium nickel sulfate hexahydrate and hydrogen peroxide
dissolved in PB. Sections were then dunked a few times in a fresh 0.5% PB-Tx rinse, rinsed in two
10 min 0.5% PB-Tx washes, and finally washed one time for 10 min in PB.
Immunohistochemistry analysis
Localization of CTB injection sites and quantification of c-Fos, CTB, and c-Fos + CTB-IR
was performed in real-time using an Olympus BX51 microscope. Localization of CTB injection
sites in the amygdala was performed at 2× magnification, while quantifications in the IL, PL, and
vHPC were performed at 20× magnification. Double-labeling for c-Fos + CTB-IR was also
confirmed at 40× magnification in real time. Cell counts were limited to the area within defined
boxes, and two boxes at 20× magnification per tissue section were analyzed and captured using
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Olympus DP Controller. The box sizes used for quantification at 20× magnification were 439 µm
× 330 µm (width × height), resulting in a total area of 439 µm × 660 µm per PL and IL tissue
section and 878 × 330 µm per vHPC tissue section.
CTB-IR was indicated by brown cytoplasmic staining and c-Fos-IR was indicated by black
nuclear straining. Importantly, c-Fos + CTB-IR was clearly indicated by black nuclear staining
with brown cytoplasmic staining in a center-surround manner, respectively . Quantification in the
IL and PL was centered on layers II/III of the cortex, as this is where the majority of CTB-IR cells
were observed. Furthermore, for the vHPC, preliminary studies indicated that defeat-induced cFos expression in Syrian hamsters is localized to the most ventral part of the CA1 region of the
vHPC; therefore we focused our quantifications in this area. For each brain region, we quantified
3-8 tissue sections per individual along a rostral-caudal axis, cell counts were averages to the size
of a single, unilateral tissue section, and quantifications were performed by observers blind to
treatment condition. We manually counted IR cells and applied a standard criteria for determining
which cells showed staining above background levels., In addition, we established inter-rater
reliability on select images as 90% agreement on total c-Fos, CTB, and c-Fos + CTB-IR.
Statistical analysis
Data were analyzed with Student’s t-tests or one-way ANOVAs followed by Tukey’s posthoc tests, where appropriate. No differences were found between right and left CTB injections,
and data were thus pooled for analysis. In addition, chi-square tests were used to analyze the
proportion of animals that fought back during social defeat. Statistical significance was set at p <
0.05. Data are reported as mean ± SEM, except where noted.
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Results
Behavioral Data
On average, dominance relationships were established on Day 1.41 (SD = 0.57) and the
direction of aggression remained consistent throughout the dyadic encounters (Table 3.1).
Unfortunately, the social defeat videos for some animals (n = 7) were lost due to camera
malfunctions. In those animals we were able to quantify, there were no significant differences
between dominant, subordinate, and social status control hamsters in the number of attacks
received or the duration of aggressive received during social defeat stress (F(2, 40) = 0.060, p =
0.942, F(2, 40) = 0.401, p = 0.673, respectively). We also found that dominant animals (10/12) were
more likely to fight back against the resident aggressor during the first social defeat episode
compared to subordinates (3/13) (χ2 = 9.077, df = 1, p = 0.003), but not social status controls
(11/18) (χ2 = 1.693, df = 1, p = 0.193). For animals in which videos were unavailable, we used
real-time notes made during social defeat to confirm that they received attacks from each resident
aggressor and displayed consistent submissive behavior.
Immunohistochemistry Data
Localization of CTB Injection Sites in the Amygdala
A representative CTB injection site is shown in Figure 3.1A, as well as a schematic
illustration of maximal and minimal infusions (Fig. 3.1B; atlas image was adapted from (Morin &
Wood, 2001). For some animals, injections spread from the BLA into the CeA (BLA/CeA), while
others had injections completely confined to the BLA or CeA. Because we had a substantially
larger sample size of animals with BLA/CeA injections (n = 5-9 per group) compared to BLA
injections (n = 2-4 per group), we analyzed c-Fos + CTB-IR in animals with both BLA and
BLA/CeA injections combined and then confirmed these findings in animals with BLA injections.
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Because the sample size of animals with CeA injections was very small (n = 0-4 per group), we
did not quantify c-Fos + CTB-IR but, rather, quantified CTB-IR in these animals to investigate
neuroanatomical difference in vmPFC inputs to the CeA and BLA.
Quantifications in the PL, IL, and vHPC
Immunoreactivity for c-Fos, CTB, and c-Fos + CTB positive cells was assessed in the PL,
IL, and vHPC for animals that received CTB injections into the BLA and BLA/CeA.
Representative photomicrographs of c-Fos positive cells co-localized with CTB positive cells in
the vmPFC and vHPC are shown in Figure 3.2. Additionally, representative photomicrographs of
c-Fos + CTB dual immunohistochemistry in the IL across all four experimental groups are shown
in Figure 3.3. Because variation in CTB injection volume and degree of retrograde transport might
result in variation in CTB-IR, we calculated the proportion of double-labeled cells as the number
of c-Fos + CTB-IR cells divided by the total number of CTB-IR cells × 100 for each animal.
In the PL, we found significant differences in the expression of c-Fos-IR (Fig. 3.4A; F(3, 40)
= 13.611, p < 0.001); dominants had significantly greater c-Fos-IR compared to subordinates,
social status controls, and no defeat controls (p < 0.001, p = 0.001, and p < 0.001, respectively).
There were no significant differences in CTB-IR across groups (Fig. 3.4B; F(3, 40) = 0.521, p =
0.670), suggesting that the efferent projections themselves are not affected by dominance status.
However, there were significant differences in the proportion of c-Fos + CTB-IR (Fig. 3.4C; F(3,
40) = 6.236,

p = 0.001), such that dominants had a significantly greater proportion of double-labeled

cells compared to subordinates and no defeat controls (p = 0.004 and p = 0.002, respectively).
In the IL, we also found significant differences in the expression of c-Fos-IR (Fig. 3.4D;
F(3, 40) = 9.556, p < 0.001). Specifically, dominants had greater c-Fos-IR compared to subordinates
(p < 0.001), social status controls (p = 0.019), and no defeat controls (p = 0.002). As expected,
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there were no significant differences in the amount of CTB-IR (Fig. 3.4E; F(3, 40) = 1.847, p =
0.154). Importantly, significant differences were observed in the proportion of double-labeled cFos + CTB-IR cells (Fig 3.4F; F(3, 40 = 27.648, p < 0.001). Specifically, dominants had a greater
proportion of these double-labeled cells compared to subordinates, social status controls, and no
defeat controls (all p’s < 0.001). Together, these data suggest that dominant hamsters not only
activate the PL and IL significantly more than subordinates, they specifically activate both PL-toBLA/CeA and IL-to-BLA/CeA neuronal projections during social defeat stress.
In the vHPC, we found no significant differences in c-Fos-IR (Fig. 3.4G; F(3, 39) = 1.501, p
= 0.230). Additionally, no significant differences in CTB-IR were noted (Fig. 3.4H; F(3, 39) = 1.722,
p = 0.178). Furthermore, there were no significant differences observed in the proportion of
double-labeled c-Fos + CTB cells in the vHPC (Fig. 3.4I; F(3, 39) = 0.325, p = 0.808).
To determine whether status-dependent differences in neural activity are found specifically
in axonal projections to the BLA, we quantified the proportion of double-labeled c-Fos + CTB-IR
cells in animals with injections confined to the BLA. We found significant differences in the
proportion of double-labeled c-Fos + CTB-IR cells in the IL (F(3, 9) = 15.66, p = 0.0006). More
specifically, dominants (3.783 ± 0.513) had a significantly higher proportion of double-labeled cFos + CTB-IR cells compared to subordinates (0.237 ± 0.273; p < 0.001), social status controls
(1.258 ± 0.616; p = 0.009), and no defeat controls (0.0 ± 0.0; p < 0.001). However, in the PL, these
proportions did not reach significance (F(3, 9) = 2.627, p = 0.114) with dominants, subordinates,
social status controls, and no defeat controls displaying proportions of 1.302 ± 0.461, 0.0 ± 0.0,
0.838 ± 0.518, and 0.272 ± 0.272, respectively. In the vHPC, on the other hand, no significant
differences in the proportion of double-labeled cells were noted (F(3, 8) = 0.615, p = 0.624), and
dominants, subordinates, social status controls, and no defeat controls displayed proportions of
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5.902 ± 2.521, 3.520 ± 1.481, 2.497 ± 0.980, and 2.930 ± 2.930, respectively. Importantly, it is the
IL-to-BLA pathway that is most strongly associated with social status and responses to social
defeat.
To examine the relative size of the efferent projections from the IL and PL we compared
the number of CTB-IR cells in animals with injections confined to the BLA and CeA. Those
subjects with injections confined to the BLA did not differ in CTB-IR in the IL (F(3, 9) = 0.690, p
= 0.581) or PL (F(3, 9) = 0.671, p = 0.591); therefore, these subjects were collapsed. In the IL, when
those subjects with injections confined to the BLA (57.48 ± 4.363) were compared to those
subjects with CeA injections (23.06 ± 2.904), CeA animals showed significantly lower CTB-IR
(t(17) = 5.065, p < 0.0001). Furthermore, in the PL, CeA animals (12.56 ± 2.981) showed
significantly lower CTB-IR compared to BLA animals (34.52 ± 3.306; t(17) = 4.132, p = 0.0007).
This finding indicates that there are fewer efferent projections from both the IL and PL to the CeA
compared to the BLA. More specifically, there were approximately three times as many IL cells
projecting to the BLA compared to the CeA and two times as many PL cells projecting to the BLA
compared to the CeA.
There is an association between latency to assume a subordinate posture and stress
susceptibility in rats, as measured by hypothalamic-pituitary-adrenal (HPA) dysfunction and
immobility in a forced swim test (Wood et al., 2010). Therefore, we performed several
correlations to determine if latency to submit in the first defeat episode was correlated with the
proportion of c-Fos + CTB-IR in the PL, IL, and vHPC. However, these correlations were nonsignificant. Specifically, the latency to submit was not significantly correlated with the
proportion of double-labeled cells in the PL (r = 0.205, p = 0.295), IL (r = 0.052, p = 0.795), or
vHPC (r = 0.077, p = 0.681). We also analyzed dominant hamsters only, but again found no
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significant correlations between latency to submit and the proportion of double-labeled cells in
the PL (r = 0.234, n = 10, p = 0.516), IL (r = .298, p = .402), or vHPC (r = -.457, p = 0.362).
Overall, it does not appear that the proportion of c-Fos + CTB-IR cells is associated with the
latency to assume a subordinate position during the first defeat episode.
Discussion
The present study reveals that mPFC projections to the BLA are activated by dominant
hamsters during acute social defeat stress. Specifically, dominant hamsters selectively activate an
IL-to-BLA neuronal projection compared to subordinates and controls. Contrary to our
expectations, dominant hamsters also activate a PL-to-BLA/CeA neural projection during social
defeat stress significantly more than subordinates. However, no effect of dominance status was
found in defeat-induced neural activity within a vHPC-to-BLA/CeA projection. We also
confirmed previous findings that dominant hamsters, in general, show increased c-Fos-IR in the
PL and IL, but not vHPC, compared to subordinates and no defeat controls. This study extends our
previous knowledge by demonstrating that defeat-induced neural activity in the mPFC of dominant
hamsters is specifically associated with activity in IL efferents to the BLA and PL efferents to the
BLA/CeA. Furthermore, these findings are consistent with the hypothesis that activity within this
neuronal projection is responsible for status-dependent differences in the CD response. However,
given that a low proportion of mPFC cells were double labeled with c-Fos and CTB, there are
likely other downstream projections from the IL and PL regulating the effect of dominance status
on the CD response.
The double-labeling results in the PL-to-BLA/CeA projection were somewhat surprising,
given the PL’s well-established role in fear expression. For instance, inactivation of the PL impairs
fear expression (Corcoran & Quirk, 2007; Sierra-Mercado, Padilla-Coreano, & Quirk, 2011),
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while stimulation of the PL increases fear expression (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, &
Quirk, 2006). Moreover, renewal and suppression of fear are associated with different patterns of
c-Fos expression in the PL and IL, as well as differences in the proportion of double-labeled c-Fos
+ CTB cells in PL-to-BLA and IL-to-BLA projections. Specifically, more c-Fos in a PL-to-BLA
projection is associated with fear renewal and more c-Fos in an IL-to-BLA projection is associated
with the recall of extinction (Orsini et al., 2011). Similarly, in PSD-95:Venus transgenic rats, more
activity in an IL-to-lateral amygdala projection is associated with retrieval of an extinction
memory, and activity in a PL-to-lateral amygdala projection is associated with the renewal of fear
(Knapska et al., 2012). However, our study does not address the expression and extinction of
conditioned fear and the neural circuitry regulating responses to social defeat may not be identical
to conditioned fear. Brains were collected after social defeat stress and not during CD testing,
which means that c-Fos-IR represents neural processes associated with the acquisition of defeatinduced changes in behavior. Also, the IL-to-BLA projection was approximately twice as strong
as the PL-to-BLA projection. In addition, optogenetic activation of a PL-to-BLA neural projection
has been shown to reduce CCK-induced generalized anxiety in an elevated plus maze (Vialou et
al., 2014).
Neural activity in the vmPFC has been shown to play an important role in the immunizing
effect of a brief exposure to controllable tailshock on the development of learned helplessness.
More specifically, pharmacological activation of the vmPFC during a controllable tailshock blocks
the immunizing effect (Amat, Paul, Zarza, Watkins, & Maier, 2006), while activation of the
vmPFC during an inescapable tailshock promotes immunization, even in the absence of
controllability (Amat, Paul, Watkins, & Maier, 2008). Furthermore, when NMDA receptors and
the extracellular signal-regulated kinase cascade are blocked, specifically within the PL, it prevents
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the immunizing effect of stress controllability, which suggests that activity within the PL is
necessary for this form of stress resilience (Christianson et al., 2014). With these studies taken into
account, it isn’t surprising that dominant hamsters have elevated c-Fos expression in the PL.
Although the present data suggest dominant hamsters are activating a PL-to-BLA/CeA projection,
it is possible that they are also activing PL efferents to the dorsal raphe nucleus (DRN). For
instance, prior experience with escapable tailshock increases c-Fos expression in PL neurons that
project to the DRN (Baratta et al., 2009). Furthermore, chemogenetic inhibition of a PL-to-DRN
projection prevents ketamine-induced resistance to learned helplessness in female rats (Dolzani et
al., 2018). Also, optogenetic activation of a PL-to-nucleus accumbens projection reverses CCKinduced social avoidance and increases hedonic behavior in a sucrose preference test (Vialou et
al., 2014). In short, there are several downstream projections from the PL that regulate stressrelated behavior, and, at present, it isn’t clear whether these projections function independently to
modulate stress-related behavior.
An IL-to-BLA neural circuit may promote the extinction of conditioned fear via several
mechanisms. For example, stimulation of IL neurons activates local circuit interneurons within the
BLA and suppresses conditioned fear responses (Cho, Deisseroth, & Bolshakov, 2013;
Rosenkranz, Moore, & Grace, 2003). Also, changes in the synaptic efficacy of IL projections to
the BLA control the extinction of conditioned fear (Cho et al., 2013; Knapska et al., 2012). IL
neurons also project to the GABAergic ITC cells located on the border of the BLA and CeA and
thus inhibit output neurons in the CeA (Amir, Amano, & Pare, 2011; Likhtik, Popa, ApergisSchoute, Fidacaro, & Pare, 2008; Pinard, Mascagni, & McDonald, 2012). Similarly, inactivation
of the IL cortex has been shown to reduce activity of ITC neurons and impair the extinction of
conditioned fear (Amano, Unal, & Pare, 2010). Finally, chemogenetic inhibition of an IL-to-BLA
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projection also impairs extinction retrieval (Bloodgood, Sugam, Holmes, & Kash, 2018). While
efferent projections from the IL cortex suppress BLA activity and regulate the extinction of fearrelated memories, the role of this neural pathway in stress resistance is less well known. The
present study extends the literature of this projection beyond fear conditioning and indicates that
these IL projections to the BLA are also linked to the reduced CD response observed in dominant
hamsters, although we cannot, at this time, rule out a role for ITC cells in the CD response.
Considering the vHPC, optogenetic inhibition of BLA inputs to the vHPC in mice have
been shown to reduce anxiety-related behaviors in an elevated plus maze and open field arena
(Felix-Ortiz et al., 2013). Activation of this same pathway also increases social behavior in a
resident-intruder test (Felix-Ortiz & Tye, 2014). Importantly, fear renewal procedures in rats
activate vHPC inputs to the BLA (Jin & Maren, 2015). However, it does not appear that neural
activity within a vHPC-to-amygdala projection is associated with vulnerability to CD in
subordinate hamsters. It is noteworthy that the vHPC is necessary for the acquisition of CD, as
pharmacological inactivation of the vHPC with muscimol prior to social defeat reduces submissive
behavior in a social interaction test 24 hrs later (Markham, Taylor, & Huhman, 2010). Thus, it was
surprising that social defeat stress did not increase c-Fos expression in social status controls
compared to no defeat controls. However, lack of an effect of dominance status in the vHPC is
consistent with the possibility that status-dependent differences in defeat-induced social avoidance
are not mediated by circuits promoting the CD response.
The current study is not without some limitations and considerations. First, the proportion
of double labeled cells in the IL and PL is, admittedly, somewhat low. However, this relatively
low proportion of double-labeled cells is comparable to that observed in an IL-to-BLA pathway
during fear extinction (Orsini et al., 2011). Been and Petrulis (2011) found that c-Fos and another
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immediate early gene, Egr1, show low, but significant, levels of co-localization with CTB-positive
cells in the medial amygdala neurons that send projections to the bed nucleus of the stria terminalis.
One possibility for these findings is that because c-Fos expression primarily reflects NMDA
receptor and cAMP response element binding protein (CREB) activity (Flavell & Greenberg,
2008), it underestimates the total neural activity within neural substrates. Another, similar
possibility is that criteria for identifying double-labeled cells may also underestimate neural
activity within a circuit. Further, dominant hamsters show increased c-Fos expression in many
cells that do not project to the amygdala, and it is essential to determine how these cells fit into a
neural circuit that modulates status-dependent differences in responses in social defeat. At any
rate, an important consideration for the field is how activity in relatively discrete pathways acts
within complex neural circuits to drive behavior.
In conclusion, we show here that hamsters with a dominant social status display increased
defeat-induced c-Fos expression in the IL and PL, but not vHPC. Further, we show that dominant
hamsters selectively activate IL neurons that project to the BLA during social defeat stress.
Activity in these projections may contribute to the reduced CD response observed in dominant
hamsters and contribute to status-dependent differences in coping with social stress. Ultimately,
this project extends our understanding of the neural circuits underlying resistance to social stress,
which is an important step towards delineating a circuit-based approach for the prevention and
treatment of stress-related psychopathologies.
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Figure 3.1 Localization of CTB injection sites in the amygdala. A) Photomicrograph from
representative image of CTB immunohistochemistry in the amygdala at 2× magnification. Scale
bar = 500µm. B) Schematic images of maximal and minimal CTB spread; gray indicates hamsters
with maximal CTB spread, and black indicates hamsters with the smallest injection of CTB. Atlas
image was adapted from Morin and Wood (2001).
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Figure 3.2 Co-localization of c-Fos and CTB. Photomicrographs from representative images of
c-Fos + CTB dual immunohistochemistry in A) the IL at 4× magnification, in B) the vHPC at 4×
magnification, in C) the IL at 20× magnification, and finally in D) the vHPC at 20× magnification.
Cells with brown cytoplasmic staining (black arrows) are CTB positive, cells with black nuclear
staining (blue arrows) are c-Fos positive, and cells with black nuclear staining surrounded by
brown cytoplasmic staining (red arrows) are c-Fos + CTB positive. Scale bar = 500 µm at 4×
magnification, while scale bar = 100 µm at 20× magnification.

109

Figure 3.3 Comparison of c-Fos + CTB labeling in the IL. Photomicrographs of c-Fos + CTB
dual immunohistochemistry at 40× magnification from a representative A) dominant, B)
subordinate, C) social status control, and D) no defeat control. Cells with brown cytoplasmic
staining (black arrows) are CTB positive, cells with black nuclear staining (blue arrows) are c-Fos
positive, and cells with black nuclear staining surrounded by brown cytoplasmic staining (red
arrows) are c-Fos + CTB positive. Scale bar = 100 µm.

110

Figure 3.4 Dominance status modulates neural activity in both PL-to-BLA/CeA and IL-toBLA/CeA projections, but not in a vHPC-to-BLA/CeA projection. In the PL, A) dominants
(DOM, n = 9) display significantly greater c-Fos-IR compared to subordinates (SUB, n = 12),
social status controls (SSC, n = 12), and no defeat controls (ND, n = 11). B) No significant
differences were found in CTB-IR. C) Dominants display a significantly greater proportion of
double-labeled c-Fos + CTB-IR compared to subordinates and no defeat controls. In the IL, D)
dominants (n = 9) display significantly greater c-Fos-IR compared to subordinates (n = 12), social
status controls (n = 12), and no defeat controls (n = 11). E) No significant differences were found
in CTB-IR. F) Dominants display a significantly greater proportion of double-labeled c-Fos +
CTB-IR compared to subordinates, social status controls, and no defeat controls. In the vHPC, no
significant differences were found in G) c-Fos-IR (DOM, n = 7; SUB n = 12; SSC, n = 12, and
ND, n = 12), H) CTB-IR, or I) the proportion of double-labeled c-Fos + CTB-IR. The above data
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includes animals with both BLA and BLA/CeA hits. Data are shown as mean ± SEM. An asterisk
indicates a significant difference between groups as determined by a Tukey’s post hoc test (*p <
0.05).
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Table 3.1 Agonistic behavior during the maintenance of dominance relationships.
Social status Submissive behavior (sec)

Aggressive behavior (sec)

(mean ± SEM)
Subordinate
Dominant

(mean ± SEM)

Day 1

Day 7

Day 14

Day 1

Day 7

Day 14

229.45 ±

204.76 ±

201.41 ±

___

___

___

39.17

13.66

17.46
177.04 ±

134.39 ±

152.20 ±

28.31

22.83

27.08

___

___

___

Subjects were weight-matched in resident-intruder dyads and paired daily in social encounters for
14 days. Day 1 encounters were 600 sec in duration, while days 7 and 14 encounters were 300 sec
in duration. Dominants displayed high rates of aggression throughout all 14 days, while
subordinates maintained high rates of submissive behavior. No dominant animals exhibited
submissive behavior and no subordinates showed aggression.
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Chapter 4
Chemogenetic Activation of an Infralimbic Cortex to Basolateral
Amygdala Neural Projection is Sufficient for Resistance to Conditioned Defeat
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Abstract
Stress is a contributing factor in the development of several mood and anxiety disorders, although
there are significant individual differences in vulnerability. Animal models of social defeat are
used to investigate the biological basis of stress susceptibility and resilience. Male Syrian hamsters
are highly aggressive and territorial, but after social defeat they exhibit a conditioned defeat (CD)
response which is characterized by increased submissive behavior and a failure to defend their
home territory in a social interaction test with a smaller, non-aggressive intruder. Hamsters that
achieve social dominance show resistance to CD as well as increased defeat-induced neural
activity in infralimbic (IL) neurons that send efferent projections to the basolateral amygdala
(BLA) compared to subordinates and controls. In the current study, we aimed to determine if
selective activation of IL-to-BLA projections using Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) is sufficient to produce CD resistance in subordinate hamsters. To
answer this question, we used a dual-virus approach and injected a Cre-dependent Gq DREADD
virus into the IL and a retrograde Cre virus into the BLA. First, we verified that clozapine-N-oxide
(CNO), the drug that activates the Gq receptor, itself has no effect on CD behavior. Next, the dualvirus approach was validated by showing that CNO treatment increased c-Fos immunoreactivity
in the IL. Finally, we tested whether CNO-treated subordinate hamsters would show a reduced CD
response compared to vehicle-treated subordinates. We indeed found that CNO treatment reduces
the CD response in both subordinate and control hamsters. This project extends our understanding
of the neural circuits underlying resistance to social stress, which is an important step towards
delineating a circuit-based approach for the prevention and treatment of stress-related
psychopathology.
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Introduction
Post-traumatic stress disorder (PTSD) is a debilitating illness characterized by exposure to
a traumatic event that is followed by the development of a constellation of symptoms including reexperiencing the event (i.e. nightmares or flashbacks), hyperarousal (i.e. vigilance or exaggerated
startle responses), and avoidance behavior. However, not all individuals who experience a trauma
or stressful event develop PTSD. Accordingly, there has been growing interest in what makes some
individuals resilient to the effects of stress and what factors make others susceptible. Over the last
decade, neural circuitry models of PTSD have been developed (Liberzon & Phan, 2003; Rauch &
Shin, 1997). Research has largely implicated threat-related neural circuitry, including the
amygdala, and higher-order cortical processing centers, such as the ventromedial prefrontal cortex
(vmPFC), underlying the expression of PTSD symptoms. Recently, neuroimaging studies have
distinguished between people who exhibit susceptibility and resilience to PTSD; specifically,
compared to resilient individuals, those who are PTSD susceptible displayed diminished blood
oxygen levels in the prefrontal cortex during an emotion regulation task (New et al., 2009). One
prevailing hypothesis is that differences in prefrontal cortex and amygdala connectivity underlie
stress resilience and emotion regulation (Lee, Heller, Van Reekum, Nelson, & Davidson, 2012;
Sripada et al., 2012; Wager, Davidson, Hughes, Lindquist, & Ochsner, 2008). In one study, those
individuals with an enhanced ability to down-regulate negative emotion showed not only greater
amygdala attenuation but also greater inverse connectivity between the amygdala and vmPFC
while down-regulating negative emotion (Lee et al., 2012). This overarching hypothesis is
consistent with animal models of susceptibility to chronic social defeat stress, as pre-existing
differences in mPFC-amygdala connectivity predict susceptibility and resilience (Kumar et al.,
2014).
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PTSD can be conceptualized as a deficit in fear extinction (Milad et al., 2008; Orr et al.,
2000; Wessa & Flor, 2007). For instance, Milad et al. (2008) found, in a study of monozygotic
twins, that the ability to retain the extinction of conditioned fear is deficient in PTSD combat
veterans. Furthermore, the role of both the vmPFC and amygdala in the process of extinction has
been the subject of numerous studies in both humans and animal models (Akirav, Raizel, &
Maroun, 2006; Bremner et al., 2005; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; Phelps,
Delgado, Nearing, & LeDoux, 2004; VanElzakker, Dahlgren, Davis, Dubois, & Shin, 2014). For
example, Phelps et al. (2004) found that amygdala activity predicts a conditioned response during
acquisition of conditioned fear and early extinction learning, while the vmPFC is primarily linked
to the expression of the conditioned response during the retention of extinction learning.
Furthermore, they showed that elevated vmPFC activity is linked to a diminished amygdala
response during the retention of extinction learning. Akirav, Raizel, and Maroun (2006) also
demonstrated a critical role for GABA A neurotransmission in vmPFC during the development of
extinction and in the amygdala during the consolidation of extinction. Importantly, in rats, the
infralimbic (IL) subdivision of the vmPFC and its efferent projections to the basolateral amygdala
(BLA) has been implicated in extinction learning (Bloodgood, Sugam, Holmes, & Kash, 2018).
Social defeat is an ethologically relevant stressor, and acute social defeat models has been
proposed as valuable paradigms for investigating the biological basis of PTSD (Deslauriers, Toth,
Der-Avakian, & Risbrough, 2017; Hammack, Cooper, & Lezak, 2012). Syrian hamsters are highly
aggressive and territorial, but after acute social defeat, they no longer defend their home territory
in a subsequent social interaction test. Instead, a defeated hamster will display submissive and
defensive behaviors toward a smaller, non-aggressive intruder. This defeat-induced change in
agonistic behavior is called conditioned defeat (CD) (Potegal, Huhman, Moore, & Meyerhoff,
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1993). We have previously shown that when hamsters achieve social dominance they display less
submissive and defensive behavior at CD testing compared to subordinates and controls; in other
words, dominant hamsters show a reduced CD response (Morrison, Swallows, & Cooper, 2011).
Dominant hamsters also show increased neural activity in the IL following acute social defeat
stress (Morrison, Curry, & Cooper, 2012). Importantly, pharmacological inactivation of the
vmPFC with muscimol reinstates the CD response in dominant hamsters, suggesting that vmPFC
activity is necessary for resistance to CD (Morrison, Bader, McLaughlin, & Cooper, 2013). More
recently, we demonstrated that, during acute social defeat stress, dominant hamsters preferentially
activate IL neurons that send efferent projections to the BLA, while subordinates and animals
without a dominance status do not (Chapter 3; Dulka, Bress, Grizzell, & Cooper, accepted).
Altogether, these findings suggest that neural activity in IL neurons that send efferent projections
to the BLA underlies resistance to CD in dominant hamsters.
The present studies used designer receptors exclusively activated by designer drugs
(DREADDs) to promote CD resistance in subordinate hamsters. Specifically, we used a Credependent, Gq-DREADD infused into the IL and a Cre-expressing retrograde virus infused into
the BLA as a means of selectively activating IL-to-BLA neurons. We expected that selective
activation of an IL-to-BLA pathway during social defeat stress would reduce the CD response in
subordinate hamsters.
Materials and Methods
Subjects
Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding
colony that is derived from animals purchased from Charles River Laboratories. Subjects were
approximately 3 months old (120-180 g) at the start of the study. Older hamsters (>6 months,
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>190g) were individually housed and used as resident aggressors for social defeat stress. Younger
hamsters (~2 months, <120 g) were housed in groups of four and used as non-aggressive intruders
for conditioned defeat testing. All animals were housed in polycarbonate cages (12 cm × 27 cm ×
16 cm) with corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were
available ad libitum. Subjects were handled several times the week before behavioral procedures
occurred to habituate them to the stress of human handling. Animals were housed in a temperature
controlled colony room (21 ± 2°C) and kept on a 14:10 h light:dark cycle to maintain reproductive
condition. All behavioral tests were performed during the first 3 h of the dark phase of their cycle.
All procedures were approved by the University of Tennessee Institutional Animal Care and Use
Committee and are in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.
Experimental design
The experiments in the present study were three-fold. We first confirmed, in Experiment
1, that the pharmacological compound used to activate hM3D(Gq) receptors, clozapine-N-oxide
(CNO), has no effect on CD behavior in the absence of functional viral vector treatment. In
Experiment 1, 32 surgically naïve hamsters received either CNO or vehicle treatment and 30 min
later were exposed to acute social defeat stress (CNO, n = 8; vehicle, n= 10) or no defeat control
procedures (CNO, n = 8; vehicle, n= 10). 24 hours later all animals were tested for CD behavior
in a social interaction test.
We next validated our viral vector approach through immunohistochemistry for the
immediate early gene, c-Fos. In Experiment 2, 38 animals received either functional or
nonfunctional viral vector treatment. Three weeks later animals were exposed to either CNO or
vehicle treatment prior to acute social defeat stress (functional virus + CNO, n = 9; functional virus
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+ vehicle, n = 7; nonfunctional virus + CNO, n = 10) or no defeat control procedures (functional
virus + CNO, n = 4; functional virus + vehicle, n = 5; nonfunctional virus + CNO, n = 3). Then,
animals were sacrificed 60 min after defeat or no defeat exposure, and brain tissue was extracted
and processed for c-Fos immunoreactivity (IR) in the IL.
In Experiment 3, 35 animals received the functional dual-virus treatment that targeted an
IL-to-BLA pathway. Then, animals were paired in daily, dyadic dominant-subordinate encounters.
Twenty-four hours after the final dominance encounter, dominants (CNO, n = 7; vehicle, n= 6)
and subordinates (CNO, n = 5; vehicle, n= 5) received acute social defeat stress. Social status
control animals (CNO, n = 7; vehicle, n= 5) did not receive dominance encounters but were also
exposed to acute social defeat stress. Twenty-four hours after acute social defeat stress all animals
were tested for CD behavior in a social interaction test. The sample sizes given above reflect
animals whose injection sites were localized to both the IL and BLA. Animals with injections sites
that were not centralized to the IL and BLA were excluded from analysis.
Stereotaxic surgery and viral infusions
Animals were anesthetized with isoflurane, mounted in a stereotaxic instrument, and
received either a functional (Experiments 2 and 3) or nonfunctional (Experiment 2 only) viral
vector treatment. Functional viral vector treatment included a Cre-dependent, excitatory DREADD
vector injected bilaterally into the IL, and a Cre-expressing, retrograde viral vector injected
bilaterally into the BLA. Nonfunctional viral vector treatment included a Cre-dependent,
excitatory DREADD vector injected bilaterally into the IL but no virus injected into the BLA. All
viral microinjections occurred at a rate of 0.05 µl/min for 10 min, resulting in a total injection
volume of 0.5 µl/side, and the microsyringe was left in place for 10 min following each injection
to minimize diffusion of virus up the needle tract. For BLA injections, the stereotaxic coordinates
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were 0.6 mm posterior and 3.95 mm lateral to bregma and 6.5 mm below dura. For injections into
the IL occurred at a 20° angle and the stereotaxic coordinates were 3.7 mm anterior to bregma,
1.65 mm lateral to bregma, and 4.5 mm below dura. Animals received their surgeries such that
viral vector infusion occurred 3 weeks prior to acute social defeat stress.
The Cre-dependent, excitatory DREADD was an AAV8-hSyn-DIO-hM3D(Gq)-mCherry
vector (4.8 × 1012 GC/ml titer) contributed by Bryan Roth (Addgene viral prep # 44361-AAV8;
Krashes et al., 2011). The Cre-expressing, retrograde viral vector was either a canine adenovirus
type 2 (CAV2-Cre; 4.1 x 1012 pp/ml titer; Experiment 2) contributed by Eric Kremer from the
Institut de Génétique Moléculaire de Montpellier (Hnasko et al., 2006) or a rgAAV-pmSyn-EBFPCre vector (7.6 × 1012 GC/ml titer; Experiment 3) contributed by Hongkui Zeng (Addgene viral
prep # 51505-AAVrg; Madisen et al., 2015).
Dominant-subordinate encounters
To allow animals to establish either a dominant or subordinate social status, subjects were
weight-matched into resident-intruder dyads and paired in daily social encounters for 14 days as
described previously (Dulka et al., 2017; Morrison et al., 2014). Briefly, subjects were randomly
assigned as a resident or intruder, and all social encounters occurred in the resident’s home cage.
Encounters were 10 min in duration prior to the establishment of dominance relationships, while
all subsequent encounters were 5 min. Dominant and subordinate animals were identified by the
direction of agonistic behavior within each dyad. If a dyad did not form a dominance relationship
after 5 encounters, both animals from that dyad became social status controls.
Acute social defeat stress and drug injections
30 min prior to acute social defeat stress, animals received an injection of either CNO
(Hello Bio: HB1807) or vehicle. CNO was dissolved in 0.5% dimethyl sulfoxide (DMSO) and
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saline to a concentration of 1.6 mg/ml. CNO or vehicle (0.5% DMSO in saline) was administered
by intraperitoneal injection to each hamster (3 mg/kg; 0.3 ml volume injection). Acute social defeat
stress consisted of subjects being placed in the home cages of three separate resident aggressors,
as described previously (Dulka et al., 2017; Morrison et al., 2014). Briefly, resident aggressors
were prescreened to ensure that they reliably attacked and defeated intruders. Subjects were
exposed to three resident aggressors in consecutive 5-min aggressive encounters at 5-min intertrial intervals. The first defeat episode began when the subject submitted to an attack from the
resident aggressor. Subjects submitted immediately in the second and third defeat episodes. No
defeat control animals were placed in the empty home cages of three separate resident aggressors
for three 5-min exposures to control for the novel environment and olfactory cues associated with
social defeat stress. Social defeat encounters were digitally recorded for behavioral analysis. The
number of attacks received during social defeat stress, the duration of aggressive behavior received
during social defeat stress, and whether or not subjects fought back against the resident aggressor
during the first defeat were scored by a single observer blind to treatment conditions. The observer
achieved 90% agreement on an ethogram of aggressive behavior using existing video files
dedicated for reliability training. Aggressive encounters were carefully monitored for wounding
and animals that received minor scratches were treated with antiseptic solution. No animal
received a wound that resulted in signs of pain or distress and none of the animals were removed
from the study because of wounding.
Conditioned defeat testing
CD testing took place as described previously (Morrison et al., 2014). Briefly, CD testing
consisted of a 5 min social interaction test, during which a non-aggressive intruder was placed in
the subject’s home cage. Non-aggressive intruders were younger, group-housed animals that
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displayed social and nonsocial behavior, and we excluded those intruders that displayed aggressive
behavior. All testing sessions were digitally recorded and the behavior of the subject was
quantified using Noldus Observer. We quantified the total duration of submissive/defensive
behavior (flee, avoid, upright and side defensive postures, tail-up, stretch-attend, head flag);
aggressive behavior (chase, attack including bite, upright and side offensive postures); affiliative
behavior (nose touching, sniff, approach); and nonsocial behavior (locomotion, grooming, nesting,
feeding). We also quantified the frequency of flees and attacks displayed by the subject. Behavioral
quantification was performed blind to treatment conditions, and inter-rater reliability was
established on a subset of videos by reaching 90% agreement on the duration of
submissive/defensive and aggressive behavior.
Histology and immunohistochemistry
In Experiment 2, 60 min after acute social defeat stress or no defeat control procedures, all
animals were anesthetized with isoflurane and transcardially perfused with 100 ml of 0.1 M
phosphate buffered solution (PB; pH 7.4) followed by 100 ml of 4% paraformaldehyde. Brains
were removed and post-fixed in 4% paraformaldehyde for 24 h, followed by 0.1 M PB/30%
sucrose solution for 48 h, and then were stored in cryoprotectant at 4 °C. A consecutive series of
40 µm coronal sections were cut submerged in PB on a vibrating microtome, and the prefrontal
cortex and amygdala were collected separately and stored as free-floating sections in
cryoprotectant at 4 °C. In Experiment 3, brain tissue was collected following CD testing and
similarly processed.
For c-Fos labeling, sections were rinsed before each incubation in five 10 min washes in a
phosphate buffered Triton solution (PB-Tx; 0.2% Triton X-100 in 0.1 M PB, pH 7.4), which were
conducted at room temperature (RT). Sections were quenched for endogenous peroxidase activity
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in 0.3% hydrogen peroxide and 30% methanol solution for 25 min. Sections were then incubated
in 1% goat serum (GS) in PB-Tx for 25 min to block non-specific binding. Next, sections were
incubated overnight at RT in c-Fos primary antibody in PB-Tx at 1:5,000 concentration (rabbit
anti-c-Fos, Santa Cruz: sc-52). Following incubation in the c-Fos primary antibody solution, the
sections were then incubated for 1 hr in PB-Tx with 1% GS and biotinylated goat, anti-rabbit IgG
antibody at 1:200 concentration (Vector Laboratories: BA-1000). Sections were next incubated for
1 hr in PB-Tx with an avidin-biotin complex (ABC Kit, Vector Laboratories: PK-4000), and the
peroxidase reaction was visualized using a 10 min incubation in 50% 3,3’-diaminobenzidine (DAB
tablet, Sigma-Aldrich: D5905) with ammonium nickel sulfate hexahydrate and hydrogen peroxide
dissolved in PB. After immunohistochemistry, sections were washed with distilled H 2O prior to
being mounted on glass microscope slides. After air-drying for 48 hrs, sections were dehydrated
using a series of alcohols, cleared with citrosolv, and coverslipped using Permount (Fisher
Scientific). All prefrontal cortex tissue was processed simultaneously.
For mCherry labeling, sections were first quenched for endogenous peroxidase activity in
0.3% hydrogen peroxide in PB-Tx for 25 min. Sections were then incubated in 3% donkey serum
(DS) in PB-Tx for 25 min to block non-specific binding. Next, sections were incubated overnight
at RT in a mCherry primary antibody in PB-Tx at 1:2,500 concentration (dsRed made in rabbit,
Clontech: 632496). Sections were then incubated for 1 hr in PB-Tx with 1% DS and Alexa Flour
594, donkey anti-rabbit IgG antibody at 1:200 concentration (ThermoFisher: R37119). From this
step forward, sections were protected from light. Sections were then rinsed in two 10 min PB
washes and washed briefly with distilled H2O and mounted on glass microscope slides. After airdrying for 10-30 minutes, Vectashield containing 4',6'-diamidino-2-phenylindole dihydrochloride
(DAPI) counterstain (Vector: H-1200) was applied, and the slides were then coverslipped and
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sealed with several drops of clear nail polish before storing flat at 4 °C. mCherry staining was used
to visualize the site of microinjections in the prefrontal cortex and sections for Experiments 2 and
3 were processed by cohort.
For Cre labeling, sections were incubated in 10% GS for two hours to block nonspecific
binding. After washing once in PB for 5 min, sections were incubated overnight at 4°C in a Cre
primary antibody in 0.5% PB-Tx (PB-Tx; 0.5% Triton X-100 in 0.1 M PB, pH 7.4) with 2% GS
at 1:1,000 concentration (mouse anti-Cre, Milliore: MAB3120). Sections were then incubated for
2 hr in 0.5% PB-Tx with 2% GS with biotinylated goat, anti-mouse IgG antibody at 1:500
concentration (Vector: BA-9200). Next, sections were incubated in a Streptavidin Alexa Fluor 488
conjugate at 1:250 concentration (Life Technologies: S32354). Sections were then rinsed in two
10 min PB washes. Next, sections were washed briefly with distilled H 2O and mounted on glass
microscope slides. After air-drying for 10-30 minutes, Vectashield containing DAPI counterstain
(Vector: H-1200) was applied, and the slides were then coverslipped and sealed with several drops
of clear nail polish before storing flat at 4 °C. Cre staining was used to visualize the site of
microinjections in the amygdala and sections in Experiments 2 and 3 were processed by cohort.
Immunohistochemical quantification
For c-Fos immunohistochemistry, images were captured at 10× magnification using an
Olympus BX51 microscope. Images were collected of an 870 μm × 660 μm region that spanned
the border of the PL and IL. The number of c-Fos immunopositive cells were determined in the
vmPFC using MCID Core image analysis software (InterFocus Imaging). For each image, we
recorded background IR in unstained regions of tissue. We then defined immunopositive cells as
those that showed staining 1.8× darker than the specific background IR calculated for each image.
MCID software settings were calibrated to yield cell counts that were consistent with manual
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quantification. For each animal, we quantified three to six images along a rostral-caudal axis and
an individual blind to treatment condition collected images and performed quantifications. For mCherry and Cre immunohistochemistry, the injection sites were verified in real time by an observer
blind to treatment condition. Animals were excluded from further analyses if their injection sites
were not centralized bilaterally in the IL, for mCherry-IR, and in the BLA, for Cre-IR. For some
animals, a moderate amount of Cre-IR spread medial and lateral to the BLA into the intercalated
cells (ITC) and endopiriform cortex, respectively.
Statistical analysis
In Experiment 1, we performed a two-way ANOVA to investigate main effects and an
interaction between defeat (2 levels) and drug treatment (2 levels). In Experiment 2, we performed
one-way ANOVAs followed by LSD post hoc tests to investigate the effects of CNO and viral
vector treatment on c-Fos expression. In Experiment 3, we performed two-way ANOVAs to
investigate an interaction between social status (3 levels) and drug treatment (2 levels) on behavior
at CD testing followed by Sidak’s post hoc tests for specific comparisons within dominance status.
We also performed planned comparisons to determine if defeat increased c-Fos-IR in Experiment
2 and to test for differences between vehicle-treated dominants and vehicle-treated subordinates
in Experiment 3 (Student’s t-test). In all three experiments, we performed either a Student’s t-test,
one-way ANOVA, or two-way ANOVA, where appropriate, to investigate differences in the
duration of aggression and number of attacks received during social defeat stress. We also used
chi-square tests to analyze the proportion of animals that fought back against the resident aggressor
during defeat. All statistical tests were two-tailed, and the α level was set at p < 0.05.
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Results
CNO has no effect on conditioned defeat behavior in surgically naïve hamsters
In Experiment 1, there were no significant differences between CNO-treated and vehicletreated hamsters in the number of attacks received or the duration of aggression received during
social defeat stress (Table 4.1; t(16) = 0.466, p = 0.648, t(16) = 2.077, p = 0.054, respectively). We
also found that CNO-treated animals (0/8) did not fight back significantly more than vehicletreated animals (1/10) (χ2 = 0.847, df = 1, p = 0.357).
We also confirmed that CNO itself had no effect on CD behavior. There were no significant
drug x defeat interactions in the duration of submissive, aggressive, affiliative, or nonsocial
behavior during the CD test (Fig. 4.1A; F(1, 33) = 0.276, p = 0.603, Fig. 4.1B; F(1, 33) = 0.474, p =
0.496, Fig. 4.1C; F(1, 33) = 0.181, p = 0.673, Fig. 4.1D; F(1, 33) = 0.034, p = 0.855, respectively).
There was also no main effect of CNO treatment on the duration of submissive, aggressive, or
nonsocial behavior displayed during the CD test (F(1, 33) = 0.070, p = 0.792, F(1, 33) = 0.140, p =
0.711, F(1, 33) = 2.178, p = 0.150, respectively). There was, on the other hand, a main effect of CNO
treatment on the duration of affiliative behavior (F(1, 33) = 5.235, p = 0.029); however, there were
no significant differences between CNO-treated and vehicle-treated defeat or no defeat hamsters
in the post hoc comparisons. There was also a main effect of defeat condition on the duration of
submissive, aggressive, and nonsocial behavior (F(1, 33) = 62.45, p < 0.0001, F(1, 33) = 40.98, p <
0.0001, F(1, 33) = 7.434, p = 0.010, respectively) but not in affiliative behavior (F(1, 33) = 0.241, p =
0.627). Together, these data suggest that acute social defeat affects agonistic behavior in a CD test,
but CNO does not.
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A functional dual-virus approach increases c-Fos-IR in the vmPFC
In Experiment 2, there were no significant differences between hamsters that received
functional virus + CNO, functional virus + vehicle, or nonfunctional virus + vehicle in the number
of attacks received or the duration of aggressive received during social defeat stress (Table 4.1;
F(2, 23) = 1.140, p = 0.337, F(2, 23) = 1.721, p = 0.201, respectively). No animals fought back against
the resident aggressor during the first social defeat episode.
Representative images of c-Fos IR are shown in Figure 4.2. Importantly, we found
significant differences in the expression of c-Fos-IR in both defeated and non-defeated animals
(Figure 4.3; F(2,

23)

= 3.994, p = 0.032, F(2,

9)

= 15.32, p = 0.001, respectively). Specifically,

functional virus + CNO animals that were exposed to acute social defeat stress had significantly
greater c-Fos-IR compared to functional virus + vehicle animals and nonfunctional virus + vehicle
animals exposed to acute social defeat (p = 0.049 and p = 0.013, respectively). Similarly, functional
virus + CNO animals that received no defeat control procedures also had significantly greater cFos-IR compared to functional virus + vehicle animals and nonfunctional virus + vehicle animals
that received no defeat experience (p < 0.001 and p = 0.001, respectively). To confirm previous
research that defeat increases c-Fos expression in the vmPFC (Morrison et al., 2012), we collapsed
defeated animals that did not receive functional virus + CNO treatment and compared them to nondefeated animals that did not receive a functional virus + CNO treatment. In a planned comparison,
we found that social defeat increases c-Fos-IR in the vmPFC (t(23) = 5.667, p < 0.0001). Together
these data suggest that a dual-virus approach followed by CNO treatment leads to increased c-Fos
IR in the vmPFC, even when c-Fos expression is elevated during social defeat stress.
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Selective activation of an IL-to-BLA neural projection is sufficient for resistance to conditioned
defeat
In Experiment 3, in average, dominance relationships were established on Day 2.36 (SD =
1.05) and the direction of aggression remained consistent throughout the dyadic encounters. Also,
there was no significant status × drug interaction (F(2, 29) = 3.121, p = 0.059) or main effects of
status (F(2, 29) = 3.071, p = 0.062) or drug (F(1, 29) = 1.931, p = 0.175) in the duration of aggression
received during social defeat stress (Table 4.1). There was also no significant status × drug
interaction (F(2, 29) = 1.198, p = 0.316), main effects of status (F(2, 29) = 0.279, p = 0.759) or main
effect of drug (F(1, 29) = 0.594, p = 0.447) in the number of attacks received during social defeat
stress (Table 4.1). We also found that CNO treatment did not alter the proportion of animals that
fought back in dominants (CNO-treated: 4/7, vehicle-treated: 3/6; χ 2 = 0.066, df = 1, p = 0.797),
in subordinates (CNO-treated: 1/5, vehicle-treated: 0/5; χ 2 = 1.111, df = 1, p = 0.292), or in social
status controls (CNO-treated: 2/6, vehicle-treated: 2/5; χ2 = 0.052, df = 1, p = 0.819). Also, when
animals were collapsed across drug condition, dominant hamsters (7/13) were more likely to fight
back against subordinates (1/10) (χ2 = 4.790, df = 1, p = 0.029) but not social status controls (4/11)
(χ2 = 0.734, df = 1, p = 0.392).
Representative images of mCherry-IR in the IL and Cre-IR in the BLA are shown in Figure
4.4A and Figure 4.4B, respectively. The histology suggests that retrograde transport of Cre from
the BLA activated the hM3D(Gq)-mCherry construct in the IL. Notably, during CD testing, there
was a significant social status × drug interaction in the duration of submissive behavior, (Fig. 4.5A;
F(2, 29) = 5.812, p = 0.008), but not in aggressive, affiliative, or nonsocial behavior (Fig. 4.5B; F(2,
29) =

1.182, p = 0.321, Fig. 4.5C; F(2, 29) = 1.244, p = 0.303, Fig. 4.5D; F(2, 29) = 0.294, p = 0.747,

respectively). In Sidak’s post hoc comparisons, vehicle-treated subordinates had a significantly
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greater duration of submissive behavior compared to CNO-treated subordinates (p < 0.01).
Similarly, vehicle-treated social status controls had a significantly greater duration of submissive
behavior compared to CNO-treated social status controls (p < 0.001). On the other hand, vehicletreated dominants did not statistically differ from CNO-treated dominants (p > 0.05). There was
also a main effect of CNO treatment on submissive behavior displayed during the CD test (F(1, 29)
= 45.41, p < 0.0001), but not in aggressive, affiliative, or nonsocial behavior (F(1, 29) = 0.268, p =
0.609, F(1, 29) = 1.932, p = 0.175, F(1, 29) = 1.056, p = 0.313, respectively). In addition, there was a
main effect of social status in both submissive and aggressive behavior (F(2, 29) = 6.965, p = 0.003,
F(2, 29) = 5.976, p = 0.007) but not in affiliative or nonsocial behavior (F(2, 29) = 1.980, p = 0.156,
F(2, 29) = 2.390, p = 0.110, respectively). Also, when comparing vehicle-treated animals in a planned
comparison (Student’s t-test), dominants displayed a reduction in the duration of submissive
behavior compared to vehicle-treated subordinates (t(9) = 2.469, p = 0.036), which replicates
previous findings that dominants have a reduced CD response compared to subordinates.
Furthermore, these results cannot be explained by the residency status of the dominant and
subordinate individuals, as when these animals are analyzed as residents and intruders rather than
dominants and subordinates there is no significant residency status × drug interaction in the
duration of submissive behavior (F(1, 18) = 0.651, p = 0.430). There is also no main effect of
residency status (F(1, 18) = 1.261, p = 0.276), but, importantly, the main effect of CNO remained
significant (F(1, 18) = 13.80, p = 0.002). In sum, CNO treatment in combination with a dual-virus
approach targeting an IL-to-BLA pathway results in reduced submissive behavior at CD testing in
not only subordinates, but social status controls as well.
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Discussion
The present study was designed to elucidate the role of an IL-to-BLA neural projection in
stress resilience. Here, we indeed reveal that chemogenetic activation of IL-to-BLA neurons
during social defeat stress is sufficient to produce resistance to CD. Further, we show that CNO,
itself, has no effect on the CD response. Additionally, we demonstrate that selective activation of
IL neurons that project to the BLA increases c-Fos expression within the vmPFC. Most
importantly, we observed a reduction in the CD response in subordinates and social status controls
that were treated with CNO during social defeat. This study extends our previous findings that
vmPFC activity during social defeat is necessary for resistance to CD in dominant hamsters
(Morrison, Bader, McLaughlin, & Cooper, 2013) by demonstrating that selective activation of
BLA-projecting IL neurons during social defeat is sufficient to promote resistance to CD. In
addition, we have previously shown that dominant hamsters display increased activation of an ILto-BLA projection following social defeat stress compared subordinates and social status controls
(Chapter 3; Dulka, Bress, Grizzell, & Cooper, accepted). The present study extends this line of
research by demonstrating a causal role for activity within an IL-to-BLA neural projection in the
acquisition of CD resistance.
Given recent concerns about the off-target effects of CNO, it was important for us to first
ensure that CNO had no effect on the CD response in surgically naïve hamsters. For example, a
relatively low dose of CNO (1 mg/kg) has been shown to decrease the startle response to loud
acoustic stimuli, while a higher dose (5 mg/kg) significantly attenuates amphetamine-induced
hyperlocomotion (MacLaren et al., 2016). More recently, systemic CNO was shown to rapidly
convert into its metabolite, clozapine, which then readily enters the brain and acts on the
DREADDs (Gomez et al., 2017). Clozapine itself has been used as an atypical antipsychotic drug
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for the treatment of schizophrenia (Crilly, 2007). For these reasons, it is essential that
chemogenetic studies test CNO in the absence of DREADDs to ensure that the drug itself has no
effect on the relevant dependent measures for a given study. Here we demonstrate that CNO
treatment (3 mg/kg) does not affect the CD response (Experiment 1), nor does it increase c-FosIR in the vmPFC (Experiment 2).
Next we validated a dual-virus, DREADD approach through c-Fos immunohistochemical
analysis. In short, a functional DREADD vector combined with CNO treatment, regardless of
defeat condition, increases c-Fos-IR in the vmPFC. Interestingly, social defeat does not maximize
c-Fos expression in the vmPFC, as the number of c-Fos-IR cells can still be increased with CNO.
However, there does appear to be a ceiling effect on CNO-induced c-Fos expression, as defeated
and non-defeated animals show a similarly high number of c-Fos-IR cells following CNO
treatment. Then, in the final experiment of the study, we show that selective activation of
DREADDs in IL efferents to the BLA during social defeat stress is sufficient to promote CD
resistance in subordinate hamsters. We know broadly that neural activity in the vmPFC is both
necessary and sufficient for the acquisition, but not expression, of the CD response (Markham,
Luckett, & Huhman, 2012). However, the function of individual vmPFC projections is less well
characterized following acute social defeat, and the role of specific subregions of the vmPFC (the
IL and prelimbic (PL) cortex) in the CD response has not previously been delineated. Prior research
has indeed demonstrated that optogenetic stimulation of the mPFC reverses social avoidance
induced by chronic social defeat stress (Covington et al., 2010). Furthermore, optogenetic
inhibition of a BLA-to-mPFC pathway promotes social interaction and decreases anxiety, while
activation of this projection has the opposite effect (Felix-Ortiz, Burgos-Robles, Bhagat, Leppla,
& Tye, 2016). Similarly, optogenetic inhibition of BLA-to-ventral hippocampus projections
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reduce social anxiety and optogenetic activation of these projections increase social anxiety (FelixOrtiz & Tye, 2014). Also, optogenetic activation of a PL-to-BLA neural projection has been shown
to reduce cholecystokinin-induced generalized anxiety in an elevated plus maze, although
activation of PL projections to the nucleus accumbens were found to reduce social avoidance in a
social interaction test in mice (Vialou et al., 2014).
To the best of our knowledge, this is the first study to elucidate a role for an IL-to-BLA
neural projection in resistance to social defeat stress. However, while amygdala Cre vectors
injections were centralized to the BLA, cells medial and lateral to the BLA were moderately
transfected with Cre in some animals. For instance, on the border of the BLA and central amygdala
(CeA) are GABAergic intercalated cells (ITC) which provide feed-forward inhibition to the CeA
in response to glutamatergic input into the BLA (Paré & Smith, 1993). Importantly, the IL send
robust projections to these cells (McDonald, Mascagni, & Guo, 1996), and these ITC cells are
required for the expression of fear extinction (Likhtik, Popa, Apergis-Schoute, Fidacaro, & Paré,
2008). Similarly, the endopiriform cortex lateral to the BLA also displayed moderate amounts of
Cre-IR in some animals, and this region too receives input from the IL (Takagishi & Chib, 1991;
Vertes, 2004). While the piriform cortex appears to be involved in the integration of odor
representations (Stettler & Axel, 2009), the role of an IL-to-endopiriform cortex remains to be
defined. Therefore, at this time we cannot rule out a role for IL neurons that send projections to
either ITC cells or endopiriform cortex in the acquisition of resistance to CD.
Recent research using a fear conditioning paradigm has demonstrated that IL-to-BLA
neurons exhibit changes in intrinsic excitability following the acquisition of fear extinction and
selectively inhibiting this pathway through chemogenetics disrupts the formation of an extinction
memory (Bloodgood et al., 2018). Earlier research has shown that IL-to-BLA neurons exhibit
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increased c-Fos expression during the recall of a fear extinction memory (Orsini, Kim, Knapska,
& Maren, 2011). Similarly, more activity in an IL-to-lateral amygdala projection is associated with
retrieval of an extinction memory (Knapska et al., 2012). Also, fear conditioning studies have
demonstrated that inactivation of IL, while having no effect on fear expression, impairs the withinsession acquisition of an extinction memory (Sierra-Mercado, Padilla-Coreano, & Quirk, 2011).
Altogether, these findings suggest that the acquisition of the CD response is dependent on neural
circuits similar to those that regulate the extinction of conditioned fear. The defeat-induced
changes in behavior that characterize the CD response in Syrian hamsters also require a welldelineated set of neurochemical signals in the BLA. For example, pharmacological blockade of
the NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor in the BLA reduces the
acquisition, but not expression, of CD (Day, Cooper, Markham, & Huhman, 2011). The
overexpression of cAMP response element binding (CREB) protein in the BLA enhances the
acquisition of CD (Jasnow, Shi, Israel, Davis, & Huhman, 2005). Activation of tyrosine kinase B
(TrkB) receptors in the BLA is also required for the acquisition of the CD response (Taylor, Stanek,
Ressler, & Huhman, 2011). Importantly, the acquisition and expression of associative learning
during Pavlovian fear conditioning requires a similar set of neurochemical signals in the BLA
(Fanselow & Kim, 1994; Josselyn et al., 2001; Maren, Aharonov, Stote, & Fanselow, 1996;
Rattiner, Davis, French, & Ressler, 2004; Rodrigues, Schafe, & LeDoux, 2001). Future research
will be necessary to determine whether activation of an IL-to-BLA circuit blocks specific cellular
mechanisms in the BLA that support the formation of the CD response.
The present study isn’t without its limitations. For instance, the methodology employed
herein makes it difficult to localize the Cre vector injection sites within the amygdala. To illustrate,
one cannot determine whether the Cre positive cells within the endopiriform cortex (see Figure
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4.4) are projection neurons to the BLA or are indicative of injection diffusion into this region. One
way to minimize the difficulty of localizing these injection sites would be to add a yellow
fluorescent protein (YFP) construct to the aliquots of the Cre virus. Then, one could visualize the
YFP, rather than Cre, within the BLA to get a more accurate representation of injection spread.
Furthermore, as mentioned previously, we cannot rule out a role for ITC cells in controlling statusdependent differences in the CD response. The ITC cell populations are too small to target with
microinjections and other genetic or electrophysiological approaches will be needed to further
investigate an IL-to-ITC neural projection in dominant and subordinate animals.
In summary, the results of the current study support the view that selective activation of an
IL-to-BLA pathway during social defeat stress reduces the acquisition of the CD response. While
dominant hamsters appear to activate this neural circuit naturally (Chapter 3; Dulka et al.,
accepted), resistance to CD can be instilled in subordinates and in animals without social
dominance by artificially activating this circuit. This project extends our understanding of the
neural circuits underlying resistance to social stress, which is an important step towards delineating
a circuit-based approach for the prevention and treatment of stress-related psychopathology.
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Figure 4.1 CNO has no effect on CD behavior in surgically naïve hamsters. Durations of A)
submissive behavior, B) aggressive behavior, C) social behavior, and D) nonsocial behavior are
shown for a 5 min CD test. Data are shown as mean ± SEM. An asterisk denotes a significant main
effect of defeat or drug (*p < 0.05), n = 8-10 per group.
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Figure

4.2

Representative

c-Fos

immunohistochemistry.

Photomicrographs

from

representative images of c-Fos IR in the vmPFC (10× magnification). Images are shown for
hamsters that received A) social defeat with functional virus + CNO, B) social defeat with
functional virus + vehicle, C) social defeat with nonfunctional virus + CNO, D) no social defeat
with functional virus + CNO, E) no social defeat with functional virus + vehicle, and F) no social
defeat with nonfunctional virus + CNO. Importantly, there is robust c-Fos-IR in both defeat and
no defeat hamsters that received functional virus + CNO treatment. Scale bar = 200 µm.
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Figure 4.3 Functional viral vector treatment + CNO is sufficient to increase c-Fos-IR in both
defeated and non-defeated hamsters in the vmPFC. In non-defeated hamsters (left), functional
+ CNO treatment (n = 4) lead to significantly greater c-Fos-IR compared to functional + vehicle
(n = 5) and nonfunctional + CNO treatment (n = 3). In defeated hamsters (right), functional + CNO
treatment (n = 9) display significantly greater c-Fos-IR compared to functional + vehicle (n = 7)
and nonfunctional + CNO treatment (n = 10). Data are shown as mean ± SEM. An asterisk
indicates a significant difference between groups as determined by a LSD post hoc test (*p < 0.05).
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Figure 4.4 Localization of hM3D(Gq)-mCherry and Cre vector injection sites in the IL and
BLA, respectively. Representative fluorescent photomicrographs of A) mCherry IR (red) with
DAPI counterstain (blue) in the IL at 2× magnification, and B) Cre IR (green) with DAPI
counterstain (blue) in the BLA at 4× magnification. Scale bar = 500 µm.
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Figure 4.5 CNO decreases the CD response in subordinates and social status controls.
Durations of A) submissive, B) aggressive, C) social, and D) nonsocial behavior are shown during
a 5 min CD test. Notably, A) CNO-treated subordinates and social status controls both display a
reduced duration of submissive behavior compared to their vehicle-treated counterparts. Vehicletreated dominants also display a reduced duration of submissive behavior compared to vehicletreated subordinates. Also, B) dominant hamsters show a greater duration of aggressive behavior
than other animals. Data are shown as mean ± SEM. An asterisk indicates a significant difference
between groups as determined by Sidak’s post hoc test (*p < 0.05). A double asterisk indicates a
main effect of status (**p < 0.05). A pound sign indicates a significant difference in a Student’s ttest (#p < 0.05). n = 5-7 per group.
.
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Table 4.1 Aggression received during acute social defeat
Experiment – Group

Attacks received (count)

Aggression received (sec)

(mean ± SEM)

(mean ± SEM)

Exp. 1 – CNO-treated

3.29 ± 0.49

100.87 ± 13.41

Exp. 1 – Vehicle-treated

3.63 ± 0.52

136.79 ± 11.15

Exp. 2 – Functional + CNO

5.52 ± 0.70

177.98 ± 10.87

Exp. 2 – Functional + Vehicle

7.86 ± 1.84

150.60 ± 17.45

Exp. 2 – Nonfunctional + CNO

6.47 ± 0.68

171.85 ± 8.61

Exp. 3 – CNO-treated DOM

5.29 ± 0.54

176.16 ± 7.99

Exp. 3 – Vehicle-treated DOM

5.50 ± 0.57

195.19 ± 6.43

Exp. 3 – CNO-treated SUB

5.73 ± 0.71

181.73 ± 11.20

Exp. 3 – Vehicle-treated SUB

4.27 ± 0.16

130.43 ± 18.32

Exp. 3 – CNO-treated SSC

5.33 ± 0.71

164.63 ± 19.95

Exp. 3 – Vehicle-treated SSC

5.47 ± 0.48

149. 15 ± 11.53

Average number of attacks and duration of aggression received per 5 min social defeat (mean ±
SEM). Treatment condition did not signficantly alter the number of attacks received or the
duration of aggression received in each experiment (p > .05). N = 5-10 per group. Abbreviations:
CNO = clozapine-N-oxide, DOM = dominant, SEM = standard error of the mean, SSC = social
status control, SUB = subordinate.
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Chapter 5
General Conclusions
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Summary of Findings
The aim of this dissertation was to test the overarching hypothesis that dominant Syrian
hamsters have a distinct pattern of neural activity and neurochemical processes within the
ventromedial prefrontal cortex (vmPFC) that facilitate resistance to conditioned defeat (CD).
Dominant hamsters respond to acute social defeat stress with reduced submissive and defensive
behavior during a social encounter with a non-aggressive intruder compared to subordinates and
controls (Morrison, Swallows, & Cooper, 2011). Thus, dominant hamsters display resistance to
CD. Previously, we have shown that dominant hamsters display greater defeat-induced neural
activation within the infralimbic (IL) subdivision of the vmPFC (Morrison et al., 2014; Morrison,
Curry, & Cooper, 2012). Neural activity within the vmPFC is also necessary for dominants’
resistance to CD, as inactivating this region with muscimol reinstates the CD response in dominant
hamsters (Morrison, Bader, McLaughlin, & Cooper, 2013). However, the neurochemical processes
within this structure and the specific neural circuits involved in status-dependent differences in
defeat-induced behavioral changes are largely unknown. In this dissertation, we specifically
hypothesized that dominant hamsters have a distinct defeat-induced neurochemical profile within
the vmPFC. Further, we hypothesized that dominant hamsters specifically activate IL neurons that
send projections to the basolateral amygdala (BLA) during social defeat. Finally, we predicted that
selective activation of an IL-to-BLA neural projection during social defeat would be sufficient to
promote resistance to CD in subordinate hamsters. The experiments presented here support each
of these hypotheses. Compared to subordinates, dominant hamsters shown altered relative
abundance of specific neurochemical metabolites in the vmPFC following social defeat stress
(Chapter 2; Dulka et al., 2017). Additionally, dominants show greater c-Fos immunoreactivity in
BLA-projecting IL neurons during social defeat stress compared to subordinates and social status
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controls. (Chapter 3; Dulka, Bress, Grizzell, & Cooper, accepted). Ultimately, selective activation
of an IL-to-BLA neural projection was sufficient to promote CD resistance in both subordinates
and social status controls (Chapter 4). Altogether, the data presented here suggest that dominance
status modulates defeat-induced changes in neurochemical concentrations and neural activity
within the vmPFC and specifically increases defeat-induced activity in vmPFC neurons with
efferent projections to the BLA. Furthermore, chemogenetic stimulation of an IL-to-BLA neural
projection during social defeat reduces the CD response in subordinates and animals without
dominance status. Overall, these findings suggest that dominance status alters defeat-induced IL
neurotransmission and that increased activity within IL neurons projecting to the BLA is a critical
component of the neurobiology underlying stress resistance.
Effects of Dominance Status on Defeat-Induced Neurochemical Profiles
The data presented in Chapter 2 support the hypothesis that dominant hamsters display a
distinct defeat-induced neurochemical profile within the vmPFC compared to subordinates.
Additionally, we show that dominant hamsters display distinct neurochemical profiles in all other
brain regions assayed, including the BLA/central amygdala (CeA), dorsal hippocampus (dHPC),
and nucleus accumbens (NAc). To identify status-dependent differences in neurochemical
metabolites, we used a combination of chemistry and statistical techniques. More specifically, we
first processed the tissue for the relative abundance of neurochemical metabolites by utilizing the
technique of untargeted metabolomics. Following compilation of all spectral features detected
(including both identified and unidentified spectral features (USFs)), we used partial least squares
discriminant analysis (PLS-DA) to create a linear regression model by projecting predicated
variables and the observed variables into a new space. To interpret these plots, one observes the
degree of separation between the variables. As shown in Figure 2.3, the 95% confidence intervals
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display little to no overlap in the PLS-DA plots, indicating that, when all of the metabolites are
taken into account, dominants, subordinates, and no defeat control hamsters display distinct
neurochemical profiles. Furthermore, using the variable importance of projection (VIP) scores
generated by the PLS-DA analysis, one can observe which metabolites are driving the separation
of phenotypes (Figure 2.2). This approach allowed us to narrow our focus and identify candidate
molecules for further research.
In our hamster model, dominance status was associated with defeat-induced changes in
metabolites related to oxidative stress in both the vmPFC and NAc. More specifically, dominant
hamsters show an increase in the relative abundance of methionine in the vmPFC and fumarate in
the NAc. Both of these molecules have been found to reduce oxidative stress (Albrecht et al., 2012;
Patra, Swarup, & Dwivedi, 2001). Thus, dominant hamsters appear to increase the expression of
molecules in limbic brain regions that might protect them from the effects of oxidative stress. Even
more strikingly, in the full metabolomics project we also tested C57/BL6 mice in an acute social
defeat stress paradigm and found that resistant mice also show an increase in the antioxidant
cystine within the NAc (Dulka et al., 2017). Furthermore, in the NAc of mice, one of the USFs
was matched to norophthalmic acid, another compound that protects against oxidative stress
(Gonçalves, Dafre, Carobrez, & Gasparotto, 2008). However, despite the commonalities between
dominant hamsters and stress resistant mice, the effects of social dominance may not be the same
in hamsters and mice.
The results of Dulka et al. (2017) display some interesting similarities, as well as
differences, to a recent study by Larrieu et al. (2017). In this study from the Sandi lab, they tested
C57 mice that had lived together for at least 4 weeks in a social confrontation tube test to determine
their dominance status. They found that following chronic social defeat stress, dominant mice
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show elevated social avoidance and subordinate mice show reduce social avoidance in a social
interaction test. Using 1H-nuclear magnetic resonance spectroscopy, Larrieu and colleagues then
identified the metabolic profiles of dominant and subordinate mice. They found several
metabolites increased in the NAc of subordinate mice following chronic social defeat stress,
including alanine, creatine, phosphocreatine, and taurine, all of which have been reported to reduce
oxidative stress (Larrieu et al. 2017). In short, resilience in both animal models is associated with
protection from oxidative stress. However, it is interesting that subordinate mice are resistant to a
chronic social stressor, while dominant hamsters are resistant to an acute social stressor. Whether
subordinate and dominant hamsters differ in their susceptibility to chronic, rather than acute, social
stress is a one question that remains unanswered and should be considered moving forward.
Another possibility is that the cellular mechanisms controlling social dominance are different in
hamsters and mice, which leads to separate effects of stress-related behavior. Another interesting
observation made by our lab and the Sandi lab is that social subordination is linked to elevated
mitochondrial activity in the NAc of subordinate hamsters and rats, respectively (Dulka et al.,
2017; Hollis et al., 2015). These findings suggest that at least some of the physiological effects of
social subordination are similar in hamsters and rats.
Effects of Dominance Status on Defeat-Induced Neural Activity in vmPFC Projections to the
BLA
To identify vmPFC efferent projections to the amygdala and determine whether or not there
are status-dependent differences in their stress-induced activation, we used BLA injections of the
retrograde tracer cholera toxin B (CTB). Following acute social defeat stress, we used
immunohistochemical techniques to co-localize the expression of CTB in the IL, prelimbic (PL),
and ventral hippocampus (vHPC) with c-Fos immunoreactivity (Figures 3.2 and 3.3). This

152

approach allowed us to determine which BLA-projecting cells were active during social defeat
stress. In Chapter 3, our data support the prediction that dominant hamsters show increased c-Fos
immunoreactivity in IL neurons that send axonal projections to the BLA compared to subordinates
and controls during acute social defeat stress. In other words, dominant hamsters activate IL-toBLA neurons during an acute social stressor and subordinates do not. We also found that
dominants activate PL-to-BLA/CeA neurons during social defeat, although we were unable to
confirm a role for the PL neurons projecting specifically to the BLA. Furthermore, there were no
status-dependent differences in c-Fos immunoreactivity within a vHPC-to-BLA or vHPC-toBLA/CeA projection during defeat.
Studying these neuronal projections is important because it is crucial to better understand
the activity of neuronal inputs into the BLA during social defeat. If we better understand the
cellular mechanisms associated with the acquisition of conditioned defeat we can potentially
understand how to better treat or prevent stress-related mental illness. We know that neural activity
in the BLA is required for the acquisition of CD. For instance, overexpression of cAMP response
element binding (CREB) protein in the BLA enhances the acquisition of CD (Jasnow, Shi, Israel,
Davis, & Huhman, 2005), and protein synthesis inhibition in the BLA with anisomycin impairs
the acquisition of CD (Markham & Huhman, 2008). In a classic functional connectivity
experiment, Markham, Taylor, and Huhman (2010) found that unilateral inactivation of the BLA
inhibites the acquisition of CD and suppressed c-Fos immunoreactivity in the contralateral BLA,
suggesting that the left and right BLA form a functional unit necessary for the CD response. We
also know that neural activity is required in the vmPFC during the acquisition of CD in dominant
hamsters (Morrison et al., 2013). The findings in Chapter 3 suggest the possibility that dominant
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hamsters activate IL neurons during social defeat, which in turn inhibit the BLA and cellular
processes that are required for the acquisition of CD.
Neural activity within an IL-to-BLA projection has also been studied in the context of fear
conditioning. Specifically, more c-Fos immunoreactivity in an IL-to-BLA projection is associated
with the retrieval of extinction (Orsini, Kim, Knapska, & Maren, 2011). Similarly, in post-synaptic
density 95:Venus transgenic rats, elevated activity in an IL-to-lateral amygdala projection is
associated with retrieval of an extinction memory (Knapska et al., 2012). Together with the data
from Chapter 3, these studies broadly suggest that status-dependent differences in coping with
social defeat stress engage a similar neural projection as that used during the retrieval of an
extinction memory. These similarities suggest that an IL-to-BLA projection plays a general role
in emotion regulation that has specific functions in models of fear extinction and social defeat.
Effects of Chemogenetic Activation of an IL-to-BLA Neural Projection
The data presented in Chapter 4 support the hypothesis that selective activation of an ILto-BLA neural projection is sufficient to reduce the acquisition of CD in subordinate hamsters. In
addition, we found that activation of this pathway during social defeat stress reduces the
acquisition of CD in social status control hamsters. Although we did not predict an effect of
selective activation of IL neurons in social status controls, this result is consistent with the view
that animals with limited activity of an IL-to-BLA pathway during social defeat stress exhibit the
largest effect of chemogenetic activation. To demonstrate the role of an IL-to-BLA neural
projection in the CD response, we used a dual-virus chemogenetic approach. More specifically,
we injected a retrograde, Cre-expressing virus into the BLA and a Cre-dependent, excitatory
designer receptor exclusively activated by designers drugs (DREADD) virus that expresses a
hM3D(Gq) receptor in the IL. Then, we systemically injected the compound that activates the Gq
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receptor, clozapine-N-oxide (CNO), 30 min prior to acute social defeat. Thus, an IL-to-BLA neural
projection was active in both subordinates and social status controls at the time of stress when it
otherwise would not be. Twenty-four hrs later, when these animals were tested in a social
interaction test, they displayed a reduced CD response, indicating that the process of artificially
activating an IL-to-BLA projection impairs the acquisition of CD (Figure 4.5). The results of
Chapter 4 extend the findings of Chapter 3 by demonstrating a causal role for activity within an
IL-to-BLA neural projection in the acquisition of CD resistance.
Neural activity is the vmPFC is known to modulate responses to both acute and chronic
social defeat stress. For instance, optogenetic stimulation of the mPFC during social interaction
testing reverses social avoidance induced by chronic social defeat stress (Covington et al., 2010).
Research has also shown that neural activity in the vmPFC is both necessary and sufficient for the
acquisition, but not expression, of the CD response (Markham, Luckett, & Huhman, 2012). We
also shown that neural activity in the vmPFC is necessary for resistance to CD in dominant
hamsters (Morrison et al., 2013). Additionally, several efferent projections from the vmPFC are
capable of modulating behavioral responses to social defeat stress. In a chronic social defeat model,
photoinhibition of a vmPFC-to-dorsal raphe nucleus (DRN) projection during the post-defeat
sensory contact period decreases social avoidance, while photoactivation of this projection
increases social avoidance (Challis, Beck, & Berton, 2014). These findings suggest that activation
vmPFC terminals in the DRN can reduce serotonin activity during social defeat stress and increase
susceptibility to chronic social defeat. Following intra-PL cholecystokinin (CCK) administration,
optogenetic activation of a PL-to-BLA projection during testing decreases anxiety in elevated plus
maze, while optogenetic activation of a PL-to-NAc projection reverses social avoidance (Vialou
et al., 2014). Together, these findings suggest that separate efferent projections from the vmPFC
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modulate that acquisition and expression defeat-induced social avoidance in mice. Interestingly,
vmPFC projections to the amygdala may not regulate social avoidance after chronic social defeat,
although our data suggest they do after acute social defeat. The results presented in Chapter 4
demonstrate that neural activity in IL efferent to the BLA is sufficient to reduce the acquisition of
CD in subordinates and defeated controls. The neural circuits regulating status-dependent changes
in the expression of CD are unknown, although we expect important nodes in this network might
be the bed nucleus of the stria terminalis, the ventral lateral septum, and the lateral portion of the
ventromedial hypothalamus.
Future Directions
Identification of Predictive Biomarkers
In Chapter 2, we focused on the identification of central, diagnostic neurochemical
biomarkers that are associated with resistance to CD. While this approach offers a proof of concept
that a metabolomics approach can differentiate animals susceptible and resistant to social stress,
the translational value is limited. A complimentary study to that presented in Chapter 2 would
focus on peripheral, predictive biomarkers of stress resistance. Brain tissue is but one type of
biological material that can be examined with untargeted metabolomics. For example,
microdialysis samples have also been used to identify changes in neurochemicals associated with
states of consciousness (Baer et al., 2017; Bourdon et al., 2016), and blood plasma samples have
been used to identify markers associated with risk for Alzheimer’s disease (Graham et al., 2015).
One benefit of using blood plasma is that its collection is less invasive, and one is able to collect
samples before the behavioral manipulation (acute social defeat stress) occurs. I predict that
dominant, subordinate, and control hamsters would display distinct metabolic profiles in blood
plasma samples collected prior to social defeat stress, as indicated through PLS-DA. If we took
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samples prior to the establishment of dominance status, I predict that animals would not be
distinguished through PLS-DA comparison of metabolite concentrations. Resistance to CD is an
experience dependent form of stress resilience that takes at least 14 days to develop, as dominants
that win encounters for one day or seven days do not show reduced submissive behavior at CD
testing (Morrison et al., 2014). Similarly, dominant hamsters need to maintain their social status
for 14 days before showing increased androgen receptor expression within the medial amygdala
(Clinard, Barnes, Adler, & Cooper, 2016). Thus, we expect the defeat-induced neurochemical
changes identified in Chapter 2 are experience-dependent and should be reflected in statusdependent differences in neurochemical activity during the maintenance of dominance
relationships.
Changing the Metabolome through Chemogenetics
Another compelling future direction involves changing the metabolic profile of the vmPFC
and other important stress-related brain regions, such as the BLA, by activating or silencing
specific neural ensembles. To illustrate, I predict that chemogenetic activation of an IL-to-BLA
neural projection at the time of social defeat stress would cause the metabolite profile of
subordinate hamsters to become more dominant-like in the vmPFC and BLA, but not necessarily
the NAc or dHPC. Similarly, chemogenetic inhibition of an IL-to-BLA neural projection would
be expected to produce a more subordinate-like metabolite pattern in the vmPFC and BLA of
dominant hamsters. Regarding specific neurochemical metabolites, I would expect to see changes
in tyrosine in the vmPFC and serine in the BLA following manipulation of an IL-to-BLA
projection. Additionally, blood could be collected in this experiment as well to determine if
selective manipulation of IL descending projections to the BLA alters peripheral biomarkers
associated with resistance to social defeat stress.
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Moving Forward as a Field
If the field of stress neurobiology is to move forward, there are several important gaps to
address. One important consideration is the development of unifying theoretical frameworks.
Experiments have become increasingly technology, rather than theory, driven. Although
technological advancements have made new research directions possible, it is important to put
individual findings into a broader context. Panksepp and colleagues have attempted to do just that.
One of the emotional systems described by Panksepp and colleagues is the FEAR system
(Panksepp, Fuchs, & Iacobucci, 2011). The subcortical FEAR circuit helps protect animals from
pain and death and includes brain regions such as the CeA, BLA, bed nucleus of the stria
terminalis, periaqueductal gray, and hypothalamus. So too do humans engage a similar circuit
when in an anxious state that appears to have no environmental cause, although the amygdala is
the most recognized part of this FEAR circuit. Although Panksepp and colleagues acknowledge
that the frontal cortex directly interactions with this FEAR circuit, they do not delineate the factors
controlling cortical modulation of the FEAR circuit. Future research should focus on definitively
placing the vmPFC within this FEAR circuit, as there is converging evidence from human and
animal models that the vmPFC provides top-down inhibitory control over fear and anxiety-like
behavior. For instance, vmPFC neurons regulate responses to fear extinction (Orsini et al., 2011),
stress inoculation (Katz et al., 2009), environmental enrichment (Lehmann & Herkenham, 2011),
individual differences in response to chronic social defeat (Covington et al., 2010), and statusdependent differences in response to acute social defeat (Chapter 4; Morrison et al., 2013). It is in
this way that we can perhaps think of the vmPFC playing a role in an emotion regulation circuit
that provides top-down inhibitory control over a FEAR circuit, as put forth by Panksepp and
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colleagues (2011). Developing a theoretical framework that includes the vmPFC is important, in
part, because emotional regulation is a key factor promoting stress resilience.
Considerations
Control Groups
Behavioral neuroscience research requires choices regarding the selection of appropriate
control groups and these choices are particularly salient when efforts are made to reduce the
number of animals used. Control animals serve an important function in stress research, and our
interpretation of stress vulnerability and resistance depends on the response of control animals. If
control animals are more similar to subordinates and show high levels of stress reactivity then we
conclude that dominant animals are resistant. Conversely, if control animals are more similar to
dominants and show low levels of stress reactivity then we conclude that subordinates are
susceptible. One potential limitation to this dissertation is the consistency of the control groups
used. For instance, in Chapter 2 we utilized a no-defeat control group, whereas in Chapter 3 we
had a defeated control group (social status controls) and a no-defeat control group, while in Chapter
4 we used different control groups in each of the three experiments. The lack of a social status
control group in Chapters 2 creates some potential limitations. If we had not seen a divergence of
metabolite profiles in dominants and subordinates, but they did separate from no-defeat control
animals, we would not be able to tell if the separation observed in the plots was a result of the
defeat experience or the process of maintaining a dominance relationship. Similarly, without a
social status control group we cannot be certain whether changes in tyrosine levels in the vmPFC
as associated with stress resistance in dominants or stress susceptibility in subordinates. We
decided not to include a social status control group in Chapter 2 because we were afraid it would
obscure differences between dominants and subordinates in the PLS-DA plots, as this group is
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often intermediate in other behavioral and physiological measures. Furthermore, in Chapter 4, we
thought it was unnecessary to include no defeat control groups in the third experiment, because
we had already shown that CNO does not alter the CD response in non-defeated animals and we
were specifically interested in testing the activation of an IL-to-BLA pathway in defeated animals
(Figure 4.3). However, this choice means that we are unable to address whether chemogenetic
activation of an IL-to-BLA pathway alters social behavior 24 hrs later. Full factorial designs were
not employed largely to reduce the number of subjects used in each experiment. For instance, in
no experiment did we test no defeat dominant and subordinate animals. We included a limited
number of non-defeated subjects because our previous data indicate that dominants and
subordinates do not significantly differ in c-Fos expression within the IL or CD behavior in the
absence of social defeat experience (Morrison et al., 2012). In Chapter 4, we decided not to test
for vmPFC c-Fos expression in nonfunctional + vehicle-treated animals. We have investigated
stress-induced c-Fos expression in untreated animals in several previous studies and expected their
c-Fos immunoreactivity in the vmPFC to be similar to functional + vehicle-treated animals.
Individual Differences
A limitation of studying dominant and subordinate animals is that individuals self-select
into their respective roles. Because animals cannot be randomly assigned a dominance status, it is
difficult to determine if the differences we observe are due to the maintenance of a dominance
relationship or a pre-existing trait. The formation of dominance hierarchies during adolescence
when animals are group-housed may further complicate the possibility that animals have preexisting differences prior to the start of an experiment. Our lab has acknowledged this limitation
and has made some strides in addressing this concern. We demonstrated status-dependent changes
in c-Fos immunoreactivity and androgen receptor expression in dyads that had maintained a

160

dominance relationships for two weeks and reasoned that if these neuronal changes were
experience-dependent they should not occur immediately after hierarchy formation. We found that
maintaining social status for one or seven days is not sufficient to produce resistance to CD or
increase c-Fos expression in the vmPFC in dominant animals, suggesting that CD resistance and
status-dependent differences in c-Fos expression develop during the long-term maintenance of
dominance relationships (Morrison et al., 2014). Furthermore, we have also shown a similar time
course for the upregulation of androgen receptors in dominant animals. We found that maintaining
social dominance for one day is not sufficient to increase the number of androgen receptor
immunopositive cells in the dorsal and ventral medial amygdala or ventral lateral septum, which
suggests that repeatedly winning encounters is required to achieve status-dependent differences in
androgen receptor expression (Clinard et al., 2016). Currently, we are investigating whether preexiting coping strategies predict dominance status in female hamsters, and our preliminary data
suggest that, prior to the establishment of dominance relationships, females do not differ in a forced
swim test, open field arena, and novel object exploration task (Cannon et al. 2018). However, more
work needs to be done, particularly in the realm of immediate early gene activation in the vmPFC
of dominant and subordinate female hamsters.
Sex as a Biological Variable
The current dissertation is also limited in that it does not include female subjects. This is
particularly concerning given that women are more likely to develop a stress-related mental illness
(Bekker & van Mens-Verhulst, 2007; Kessler, 2003). There is also a sex bias in the subjects used
in neuroscience research (Beery & Zucker, 2011), especially within the realm of social defeat
models. For these reasons, the National Institutes of Health recently mandated that preclinical
research must consider sex as a biological variable (National Insitutes of Health, 2015). Although
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we did not collect data from female subjects in this dissertation, our lab is indeed investigating the
effects of dominance status on defeat-induced social avoidance in female hamsters. In fact,
defeated female hamsters were recently shown to avoid a caged, same-sex social target following
acute social defeat (Rosenhauer, McCann, Norvelle, & Huhman, 2017). We ourselves have found
that female Syrian hamsters readily form dominance relationships. These dominance relationships
can be maintained for at least 12 days in cycle-matched females that are not paired on their day of
estrus. Following the maintenance of these relationships, we also observe status-dependent
differences in social investigation of a caged, same-sex social target, such that dominant females
spend more time in the social interaction zone than subordinate females (Loewen, Dulka, Grizzell,
Campbell, & Cooper, 2018). However, more data is necessary before we definitively conclude that
dominant females show resistance to acute social defeat stress. If dominant females do indeed
show reduced social avoidance, the next step in this line of research should be to determine if there
are status-dependent differences in the defeat-induced expression of c-Fos in the vmPFC of female
hamsters. If dominant females display elevated c-Fos expression in the vmPFC, this may suggest
that male and female hamsters engage similar neural processes that modulate status-dependent
changes in social avoidance. In addition, tract-tracing experiments would be needed to determine
if an IL-to-BLA neural projection is playing a role in stress resistance in dominant females. We
also know that dominant males have an increased density of androgen receptors in areas of the
brain that regulate the CD response such as the medial amygdala (Clinard et al., 2016), however
our preliminary data indicate that dominant females do not (Loewen et al., 2018). These findings
suggest that at least some of the mechanisms that produce status-dependent differences in the CD
response are sex-specific. Interestingly, females show variation in the CD response over the course
of the estrus cycle, which indicates that plasma estrogen concentrations are associated with CD
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susceptibility (Solomon, Karom, & Huhman, 2007). Although the cellular mechanisms underlying
this fluctuation in stress susceptibility are unknown, one intriguing possibility is that estrogen
might feedback onto vmPFC-BLA neural circuitry to modulate the CD response.
Conclusions
In conclusion, the dominant and subordinate CD paradigm in Syrian hamsters is an
effective model for investigating the cellular and molecular mechanisms underlying experiencedependent stress resistance. Previous research has identified a critical role for the vmPFC in
resistance to acute social defeat stress (Morrison et al., 2013). We extend this line of research by
showing that specific neurochemical biomarkers within the vmPFC and activity within an IL-toBLA neural projection is associated with resistance to acute social defeat in dominant hamsters.
Additionally, we provide causal evidence indicating that elevated activity in an IL-to-BLA
projection leads to CD resistance.
Overall, research into the neurochemical mechanisms and neural circuits underlying statusdependent differences in responses to acute social defeat stress should provide novel targets for
the prevention and treatment of stress-related mental illness. Here, using untargeted metabolomics,
we identified methionine and tyrosine in the vmPFC as potentially important neurochemical
factors promoting stress resilience. We also demonstrated that chemogenetic activation of IL
neurons projecting to the BLA promotes resistance to CD. Because there are limited available
interventions that promote stress resilience, future investigations that delineate circuit-specific
mechanisms underlying resistance to stress in animal models could have translational benefits.
Finally, non-pharmacological treatments that promote success in the face of challenges and,
perhaps, a sense of self-efficacy may facilitate activity within specific neural circuits in the brain
that protect against the development of stress-related psychopathologies.
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